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Additional Texts
Text S1: Two-loop-iteration Gerchberg-Saxton algorithm for vectorial LC-holography

Unlike previously reported classical Gerchberg–Saxton (GS) algorithm that is widely applied in the phase-only holography, we proposed a two-loop-iteration modified Gerchberg-Saxton algorithm for the helicity-multiplexing LC vectorial holography. The basic principle is to synchronously and individually carry out two loops for the target holographic images for LCP and RCP, which is similar to the conventional loop of the GS algorithm. In particular, we established a connection between the two phase holograms by some intermediate steps. Random optimization steps are delicately introduced to avoid loops into local optimization by introducing. Our algorithm can efficiently and directly achieve on-demand LC director distribution for vectorial holography.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Similar to the classical GS algorithm, we begin the process by providing two matrices of random phases and two matrices of standard amplitude distributions (Gaussian distribution in our case). The complex amplitude distributions and  in the far-field are calculated using Fast Fourier Transforms (FFT). Then, they are added together. The argument part of the complex amplitude distribution () is added separately with the target phase distributions we designed, i.e.,  and , to obtain the phase distributions  and  for LCP and RCP respectively. The amplitude distributions ( and ) and the target amplitude distributions ( and ) are input into random optimization processes to obtain new amplitude distributions ( and ). The complex amplitude distributions in the near-field are obtained by using Inverse Fast Fourier Transform (IFFT). Then the new amplitude distributions ( and ) are replaced with standard amplitude distributions, and only the phase distributions ( and ) are preserved, which are then used as the input for the next loop of iteration. After several iterations, the final phase distributions for reconstructing these two holographic images are obtained. Then, the LC director distributions ( and ) are calculated using these two phase distributions. The final LC director distribution  of the helicity-multiplexed pixelated LC superstructure is obtained by multiplexing  and  together, and the multiplexing method is shown in Fig. S1. With our improved GS algorithm, we can achieve the vectorial holograms with the single-material LC system.

Text S2: Advanced photopatterning system for high-resolution pixelated LC superstructure

To achieve pixelated LC superstructures with high quality, we delicately upgrade the photoalignment technique by carefully aligning the optical path of the home-made dynamic microlithography system and optimizing the exposure parameters during the photopatterning process, including the exposure location, exposure intensity, and exposure time. The metal-wire nanograting is used for an increased degree of linear polarization (>7000:1); the uniformity of the light source is improved (≥95%), and the focusing precision is measured as 1 μm. As a result, the spatial resolution of 1.1 μm is achieved and the precision of the polarization angle is reduced to ±0.2°.
The LC director distribution for vectorial LC-holography is generated by our modified GS algorithm. Detailed photopatterning processes are provided as follows. The empty LC cell is placed at the image plane of the digital micromirror device-based microlithography system to record the patterns of LC director distribution via a multistep partly overlapping exposure process with a synchronous polarization control. The calculated director distribution varying from 0 to 𝜋 is replaced by 36 subregions equally and each subregion is endowed with a uniform director value from 𝜋/36 to 𝜋 in an interval of 𝜋/36. This determines the exposure location. A sum of five adjacent subregions (the sum-region) is exposed simultaneously with the exposure intensity of 0.8 mw/cm2, exposure wavelength of 405 nm, and exposure time of 3.0 s, which is insufficient to induce a stable reorientation of SD1. The subsequent exposure of the sum-region shifts one subregion with the polarizer rotating 5° synchronously. Finally, each subregion is exposed five times with a total exposure time of 15.0 s, which is enough to reorient the SD1 molecules. The nematic LC E7 (Jiangsu Hecheng Display Technology Co., Ltd., China) was capillary-filled into the photo-patterned cell at 70 °C and slowly cooled to room temperature, ultimately forming the vectorial holographic LC superstructure. The photoalignment function is most efficient at 25°C and <40% humidity.

Text S3: Vectorial LC-holography with full polarization (CP, EP, and LP) control

In this section, we demonstrate the simultaneous generation of polarization states of LP, CP, and elliptical polarization (EP) in Fig. S7. Here, the holographic images of LCP and RCP are both designed to display the text “NJULC”. Specific phase difference distribution (Δφ) and amplitude ratio distribution () are delicately encoded. The  of the letters of “N”, “J”, “U”, “L”, and “C” is set as 1:0, 2:1, 1:1, 1:2, and 0:1, respectively. The Δφ of the letters “J”, “U”, and “L” is set as 0, π/2, and 0, respectively. Therefore, the polarization states of “N” and “C” are RCP and LCP, “J” and “L” are EP, and “U” is LP (Fig. S7a). With our modified GS algorithm, the LC director distribution for such vectorial holographic images with different polarization states is calculated and shown in Fig. S7b. Figure S7c-h showcase the simulation results. The polarization states of these letters are characterized by an analyzer or combined with a quarter-wave plate. We achieve the extinction of the letter “U” by rotating the analyzer at -45°, verifying the LP state (Fig. S7d). As shown in Fig. S7e-h, the extinction of the letter “N” (“C”) can be achieved by rotating the quarter-wave plate to 0° (0°) and the linear analyzer to 45° (-45°), indicating a CP state. The extinction of the letter “J” (“L”) can be achieved by rotating the quarter-wave plate to 0° (0°) and the linear analyzer to 71.5° (-71.5°), thus suggesting the EP state. These results affirm the versatility of our proposed vectorial LC-holography strategy for forming customized and arbitrary vectorial light field, which may emerge as a powerful tool for advanced optical waveform control.

Text S4: Dynamically tunable and broadband vectorial LC-holographic encryption

We explore the capability of pixelated LC superstructure for vectorial holographic encryption. Here, the holographic images of LCP and RCP are both designed to display the text “NJU CEO”. As shown in Fig. S8a, different phase differences are assigned to different parts of the text to create unique vector patterns. The phase difference assigned to the letters "NJU" is Δφ1 = 2π, while the letter "C", two horizontal strokes of the letter "E", and a small fraction of the letter "O" have an assigned phase difference of Δφ2 = 3π/2. Then, the rest part of CEO (letter “LC”) is assigned with Δφ3 = π/2 to achieve sharp intensity contrasts. When RCP (LCP or LP) light illuminates the LC superstructure, a holographic image of “NJU CEO” (identical for RCP, LCP, and LP incidence) is reconstructed on the target imaging plane (Fig. S8b). Vectorial information is separately readout by distinct polarization keys. Only with the correct polarization key at 45°, we can decrypt the high-contrast message of “NJU LC” from the vectorial holographic image (Fig. S8c). Misleading or error information of “CEO” and “NJU C=.” are observed with the polarization keys of 90° and 135° respectively. The variations of the holographic intensity corresponding to regions i, ii, and iii in Fig. S8b are extracted and exhibited in Fig. S8c, which align with Eq. 2. The LC-based vectorial holographic encryption featuring a broadband performance in the visible light range is also demonstrated (typical far-field holographic images at 470 nm, 540, and 580 nm are presented in Fig. S8d).
We further explore the dynamic tunability of holographic LC superstructures. As we know, the anisotropic LC director will be switched from in-plane to out-of-plane directions under appropriate electric field (Fig. S8d, top), resulting in a tuned effective refractive index:
  				             (S1)
where  denotes the tilt angle of LC director. With the increase of the electric field,  changes from 0° to 90°, resulting in the change of neff from  to . Therefore, the phase retardation Γ can be continuously tuned, which can be rewritten as:
.          	    		              (S2)


This allows for the intriguing dynamic vectorial LC-holographic encryption. Figure S8d presents the oscillated variations of the vectorial holographic efficiencies versus the voltage ranging from 0 V to 6 V. With optimal applied voltages, the holographic efficiencies are measured up to 69.08%, 70.93%, and 63.23% for λ = 633 nm, 540 nm, and 470 nm, respectively. The high holographic efficiency mainly benefits from the pure phase modulation. Figure S8e provides a series of tunable holographic images from dark to bright corresponding to the efficiency variation denoted by the orange line segment (Fig. S8d). These results suggest an on-demand electrically switchable vectorial holographic encryption based on a single-material self-assembled LC superstructure.
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Additional Figures
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Figure S1. Flow chart of the modified Gerchberg-Saxton algorithm for vectorial LC-holography.
[image: ]

Figure S2. Designed phase profile of LC director distribution for vectorial holographic clock. Inset shows a magnified helicity-multiplexed 8 × 8 pixelated array.
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Figure S3. Experimental setup for vectorial holography. LP, polarizer, which is used to characterize the vectorial optical fields.
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Figure S4. POM textures of the holographic LC superstructures Ⅰ and Ⅱ for “the phase of the moon”. Crossed white arrows represent the orthogonal polarizer and analyzer. Scale bar: 200 μm.
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Figure S5. Vectorial holographic phase diagram of the moon. The holographic images are reconstructed from LC superstructures Ⅰ and Ⅱ, representing the different moments of lunar revolution.
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[bookmark: _Hlk154340743]Figure S6. POM texture of holographic LC superstructure for vectorial holographic video. Crossed white arrows represent the orthogonal polarizer and analyzer. Scale bar: 200 μm.
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Figure S7. Vectorial LC-holographic images with arbitrary polarization states. a, Vectorial LC-holographic image design: RCP for “N”, LCP for “C”, EP (ψ = 0°, χ = 18.5°) for “J”, EP (ψ = 0°, χ = -18.5°) for “L”, LP (ψ = 45°) for “U”. b, Designed phase profile of LC director distribution. c, Simulation of the vectorial holographic image under LP incidence. The direction of LP is at 0°. Full-vectorial light field with the simultaneous existence of CP, LP, and EP is simulated. d-h, Characterization of the polarization state on the vectorial holographic image in calculation.


[bookmark: _Hlk154338405][image: ] Figure S8. Dynamic, broadband, and multichannel vectorial LC-holographic encryption. a, Vectorial LC-holographic encryption design. Δφ1 = 2π for “NJU”, Δφ2 = 3π/2 for “C=.”, and Δφ3 = π/2 for “LC”. b, Vectorial LC-holographic images under different polarization (RCP, LCP, and LP) and wavelength (470 nm, 540 nm, 580 nm, and 633 nm) incidence. c, Decrypted holographic images and the dependencies of holographic intensities on the polarization key at regions of i, ii, and iii denoted in (b). d, Electrically switching of the vectorial holographic efficiencies at wavelengths of 470 nm, 540 nm, and 633 nm. The frequency of the electric field is 1 kHz. (e) Dynamically tunable vectorial holographic images from dark to bright as the applied voltage changes from 1.82 V to 2.16 V. The incident wavelength is 540 nm.


[image: ]
Figure S9. Impact of spatial resolution on vectorial holographic performance. a, Target holographic image of “VLCH” (Abbreviation for Vectorial Liquid-crystal Holography) and corresponding experimental results under a = 1.1 μm. The polarization directions of the letters “V” and “LCH” are set as 45° and 135°, respectively. The spatial resolution is 1.1 μm. The reconstructed holographic images are high-quality. b, Target holographic image of “VLCH” and corresponding experimental results under a = 2.2 μm. The definitions of the reconstructed holographic images are slightly worse than that presented in (a). c, Target holographic image of “VLCH” and corresponding experimental results under a = 4.4 μm. The definitions of the reconstructed holographic images are even worse than that in (a) and (b). This phenomenon is because of the low-resolution pixelated LCs, which will degrade the holographic performance. It is important to note that all the polarization distributions of the holographic images fully conform to our design.

[bookmark: _Hlk145023001]Video S1. Vectorial holographic movie presenting reconstructed holographic images when rotating the analyzer from 45° to 135°.
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