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            Abstract
Lithium niobate (LiNbO3) is viewed as a promising material for optical communications and quantum photonic chips1,2. Recent breakthroughs in LiNbO3 nanophotonics have considerably boosted the development of high-speed electro-optic modulators3,4,5, frequency combs6,7 and broadband spectrometers8. However, the traditional method of electrical poling for ferroelectric domain engineering in optic9,10,11,12,13, acoustic14,15,16,17 and electronic applications18,19 is limited to two-dimensional space and micrometre-scale resolution. Here we demonstrate a non-reciprocal near-infrared laser-writing technique for reconfigurable three-dimensional ferroelectric domain engineering in LiNbO3 with nanoscale resolution. The proposed method is based on a laser-induced electric field that can either write or erase domain structures in the crystal, depending on the laser-writing direction. This approach offers a pathway for controllable nanoscale domain engineering in LiNbO3 and other transparent ferroelectric crystals, which has potential applications in high-efficiency frequency mixing20,21, high-frequency acoustic resonators14,15,16,17 and high-capacity non-volatile ferroelectric memory19,22.
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                    Fig. 1: The working principle of non-reciprocal laser writing for LiNbO3 ferroelectric domain engineering.[image: ]


Fig. 2: Nanoscale control of LiNbO3 domains.[image: ]


Fig. 3: Nanodomain structure fabrication through non-reciprocal 3D laser writing.[image: ]


Fig. 4: Reconfigurable LiNbO3 nanodomain engineering.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Femtosecond laser writing system for LiNbO3 nanodomain engineering.
The z-polarized laser beam is focused into the sample along the x direction.


Extended Data Fig. 2 The theoretical simulation of temperature (a), temperature gradient (b), the z-component of the thermoelectric field (c), and the pyroelectric field (d).
The marked area in c indicates the electric field above the threshold value. In d, the black arrow shows the laser writing direction (vâ€‰=â€‰10â€‰Î¼m/s) and the white arrows indicate the direction of pyroelectric field. The input laser propagates along the x direction with its polarization along the z direction.


Extended Data Fig. 3 The procedures to fabricate nanodomains along the x, y, and z directions, through laser poling-erasing strategy.
a, The laser writing process to fabricate LiNbO3 nanodomains along the y direction. First, we move the laser beam along the â€“z direction to write a domain line. Then, we shift the LiNbO3 sample by a designed distance d along the +y (or -y) direction. Finally, we remove part of the created domain by moving the laser beam back along the +z direction. The remaining domain width along the y direction is d (a). By shifting the LiNbO3 sample along the x direction, similar laser writing strategy is applied to reduce the domain linewidth along the x direction (c). b, The procedure to produce nanosized domain along the z direction, we first move the laser beam along the y direction to write a domain line. Then, we apply the laser eraser point by point to reduce the domain width along the z direction. d, The fabrication process of a nanodomain array.


Extended Data Fig. 4 The dependence of domain width on the writing direction.
a, Schematic diagram of laser writing along an angle of Î¸ relative to the -z direction. a and b define the effective thermoelectric field. The achieved domain linewidth satisfies \({d}^{{\prime} }=\sqrt{{a}^{2}{{\rm{c}}{\rm{o}}{\rm{s}}}^{2}\theta +{b}^{2}{{\rm{s}}{\rm{i}}{\rm{n}}}^{2}\theta }\). b, The calculated and measured domain widths at different Î¸.
Source data


Extended Data Fig. 5 SH generations in 2D and 3D periodic domain structures.
a, The typical QPM configuration45. b, c, The QPM SH patterns in 2D and 3D LiNbO3 domain structures, respectively. The intensities of the SH spots depend on whether the QPM condition is fully satisfied. At input fundamental wavelengths of 755â€‰nm, 742â€‰nm, and 726â€‰nm, the non-collinear QPM SH generations from 2D domain array are realized by involving \({{\boldsymbol{G}}}_{0,1,-1}{/{\boldsymbol{G}}}_{0,1,1}\), \({{\boldsymbol{G}}}_{0,1,-2}{/\overrightarrow{G}}_{0,1,2}\), and \({{\boldsymbol{G}}}_{0,1,-3}{/{\boldsymbol{G}}}_{0,1,3}\), respectively. The corresponding SH pattern presents two symmetric bright spots (b). In comparison to 2D case, the number of the SH spots from 3D domain structure clearly increases because the QPM condition is simultaneously satisfied by more reciprocal vectors (c). Notably, the central SH spot is bright because it is produced through a collinear SH generation process that has a much longer interaction length than those under non-collinear SH generation configurations. d, e, The measured and calculated emitting angles of the output SH beams.


Extended Data Fig. 6 SH HG-mode generation in a 3D nonlinear grating.
a, A 3D Ï‡(2)-grating structure for SH \({{\rm{H}}{\rm{G}}}_{11}\) beam generation under 3D QPM condition66. b, The measured dependence of the SH power at the \({1}^{{st}}\) order on the fundamental wavelength. The 3D QPM condition is satisfied at 768â€‰nm. The deviation in b can be attributed to the broad bandwidth of the input femtosecond laser and the limited period number of the domain structure.
Source data


Extended Data Fig. 7 Stability test of LiNbO3 domain structures.
a, The PFM image of a LiNbO3 domain structure prepared by laser writing in Oct. 2019. After being kept at room temperature for over two years, one can clearly observe the domain structure (c). We also put the ruler-shaped nanodomain structure (b) in a tube furnace for an annealing treatment. The sample temperature is increased to 300â€‰Â°C at a heating rate of aboutÂ 10â€‰Â°C/min. After 2-h heat treatment at 300â€‰Â°C, the sample is naturally cooled down to room temperature. The domain structure successfully survives after such annealing process (d). The domain structures have no significant changes after a two-year storage or an annealing treatment.


Extended Data Fig. 8 Surface acoustic waves (SAW) generation in LiNbO3 nanodomain arrays.
a, The diagram of SAW device based on LiNbO3 nanodomain array. In such LiNbO3 domain structure (also called acoustic superlattice), the sign of the piezoelectric coefficients is periodically switched, which can produce SAW by using uniform electrodes. The SAW resonant frequency is given by67 \(f=\frac{v}{\lambda }\), where \(v\) is the SAW velocity, and \(\lambda \) is the acoustic wavelength that is equal to the period of the LiNbO3 domain structure. b, The calculated dependence of SAW resonant frequency on the domain period. The SAW velocity is 3718 m/s68. For the nanodomain structures with periods of 100â€‰nm and 50â€‰nm, the SAW frequencies reach \(37.2\,{\rm{G}}{\rm{H}}{\rm{z}}\) and \(74.4\,{\rm{G}}{\rm{H}}{\rm{z}}\), respectively.


Extended Data Fig. 9 Comparison of laser writing with/without the use of a drain line.
The solid white line indicates the drain line. When laser writing starts from the drain line, one can produce a LiNbO3 domain line (left). In contrast, under the same laser writing parameters, one cannot write LiNbO3 domains without the use of drain line. The laser writing track is marked by the dashed white line (right). In experiment, we use conductive atomic force microscopy to measure the electric conductivity of drain line, which is several orders of magnitude higher than the value of LiNbO3 crystal.


Extended Data Fig. 10 The linear diffraction patterns from the gratings in Fig. 4aâ€“c at an input wavelength of 690â€‰nm.
The non-zero diffraction order can be barely observed, which indicates no significant change in the refractive index.





Source data
Source Data Extended Data Fig. 4
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