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Abstract

:

Metasurfaces can flexibly manipulate electromagnetic waves by engineering subwavelength structures, which have attracted enormous attention in holography, cloaking, and functional multiplexing. For structures with n-fold (n > 2) rotational symmetry, they have been utilized to realize broadband and high-efficiency wavefront manipulation with generalized Pancharatnam–Berry phase, whereas spin-selective wavefront manipulation is still a challenge limited by their symmetrical spin–orbit interactions. Here, we demonstrate the spin-selective wavefront manipulations with generalized Pancharatnam–Berry phase in the range of 560–660 nm with a metal–insulator–metal metasurface consisting of the chiral C3 logarithmic spiral nanostructures. As a proof of concept, two deflectors and a bifocal metalens are designed. This configuration may provide a platform for various applications in polarimetry, polarization-selective images, and nonlinear optical responses.
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1. Introduction


Metasurfaces could flexibly manipulate the properties of the electromagnetic wave by periodically arranging the subwavelength structures [1,2]. Benefitting from exotic electromagnetic properties, metasurfaces have been exploited to realize the spin-Hall effect [3], anomalous refraction [4], invisibility cloaking [5], electrostatic steering of thermal emission [6], and spin-selective wavefront manipulations [7,8,9,10]. Among them, geometric metasurfaces with the Pancharatnam–Berry (PB) phase have attracted enormous attention for wavefront manipulations by rotating the elements [11,12,13]. However, limited by the symmetrical spin–orbit interactions for two opposite spins (i.e., the incident right and left circularly polarized (RCP and LCP) beams are split into opposite directions.), spin-switchable functionalities are difficult to implement [14,15,16]. Although such a limitation is broken by combining the PB phase with the propagation phase, the phase properties of broadband and robust are destroyed [7,17,18]. An alternative approach is utilizing 3D or planar chiral nanostructures to design a geometric metasurface, but it commonly suffers from fabrication complexity or weak chiral response [19,20,21].



Planar structures with n-fold (n > 2) rotational symmetry, such as the swastika and the array of nanoslit meta-atoms, are commonly used to enhance the chiral response benefitting from stronger electromagnetic field interactions [22,23,24]. Moreover, a more general form of geometric phase was first found in nonlinear optics by utilizing these structures [25,26]. Since the nonlinear harmonic waves with different helicity can obtain phases of (m − 1)σθ and (m + 1)σθ (m represents the order of harmonic generation) for circularly polarized fundamental wave illumination, spin-selective wavefront manipulations have been realized [27,28]. Nevertheless, the realization of broadband wavefront manipulation is impeded, because these structures are usually recognized as isotropic without geometric phase response in linear optics and possess strong resonance leading to chiral response in a narrowband [22,29]. Recently, the generalized PB phase has been proposed, exploiting multi-fold rotational symmetry structures. Different from the previous relation of geometric phases Φ ≈ 2σθ (the σ = ±1 indicates the incident LCP and RCP, respectively, and θ is the rotation angle of the C2 nanostructures), it is expressed as multiple times the rotation angle [30,31,32,33]. Moreover, the broadband and high-efficiency wavefront manipulations have been demonstrated [34]. However, they can only realize symmetrical spin–orbit interactions, and thus, broadband spin-selective wavefront manipulations are still a great challenge with high-fold rotational symmetry nanostructures.



Here, we propose a metal–insulator–metal (MIM) metasurface that can achieve broadband spin-selective wavefront manipulations with the generalized PB phase. Benefiting from strong electric field interactions between adjacent elements, the designed C3 logarithmic spiral nanostructures exhibit chiral response and broadband wavefront manipulation capabilities, simultaneously. By interleaving the C3 nanostructure and its axisymmetric structures, two independent phase profiles are generated for spin-selective wavefront manipulations. The broadband deflectors and a spin-dependent bifocal metalens are designed as a demonstration in the wavelength range of 560–660 nm. This broadband spin-selective wavefront manipulation configuration may be found in many potential applications in multichannel vectorial holograms, polarization detection, and others requiring broadband spin-selective wavefront manipulation.




2. Concept and Design


To achieve broadband spin-selective wavefront manipulation with the generalized PB phase, a MIM configuration is used (this configuration could reduce the fabrication burden and possesses higher efficiency [11,34]). The C3 logarithmic spiral (LS) element is illustrated in Figure 1a. Affected by the lattice coupling effect, the n-fold rotational symmetry meta-atom can obtain the generalized PB phase that can be expressed as (in the square lattice) [30]:


  Φ  =        ± 2 n θ , n    is   odd ,        ± n θ , n    is   even  .        



(1)




where the principal axis rotation direction decides the sign ±. When the lattice changes to hexagonal, it will obtain a more complex expression. Such a planar structure consists of the top gold (Au) element, the insulator layer titanium dioxide (TiO2) film, and the bottom Au ground plane (the refractive indexes of TiO2 and Au are from the Palik’s Handbook [35]). The bottom Au ground plane serves as a mirror, which can maximally reflect incident light. The chiral response and wavefront manipulation are mainly dependent on the Au element and TiO2 film. The white dotted line is used to construct this planar structure, which can be described as follows:


        x = C (  e β  cos ( β ) − 1 ) ,       y = C  e β  sin ( β ) ,         β ∈ [ 0 , Λ π ]    



(2)




where C and Λ are the constant and truncated coefficient, respectively. The range of β is positive, and the dotted line is replicated with 120° intervals to construct the chiral C3 LS meta-atom.



The LS element is designed aiming at 560–660 nm, and the corresponding simulated results (using the finite element method; for more details, see Supplementary Information S1) of reflected cross-polarized (the cross-polarization represents the incident LCP light is converted to the reflected RCP light [16,36]) amplitude and phase spectra are shown in Figure 1b,c. For LCP normal incidence along the z-direction, the average reflected amplitude of cross-polarization is about ∼0.11 because most of the power is straightforwardly reflected and absorbed. However, the high average reflectance of cross-polarization ∼0.36 allows for RCP excitation. Meanwhile, the phase shifts in Figure 1c cover the whole 2π range if θ (orientation angle) changes from 0° to 60° at the wavelength of 577 nm, 612 nm, and 632 nm, (these typical wavelengths have been widely found in the medical field and red laser), respectively, which agrees well with the theoretical expectation (6θ), according to Equation (1). By symmetrizing the LS structure in Figure 1a along its y-axis, another LS (named as ALS) structure is obtained as shown in Figure 1d. The cross-polarization component is suppressed under RCP illumination (the average reflection amplitude is lower than ∼0.11), but the average reflectance exceeds ∼0.33 for LCP incidence within the same broadband range. Affected by the structural chirality, the reflectance spectra between LS and ALS elements show apparent differences (Supplementary Information S2). Moreover, the phase shifts under LCP incidence can cover the 0–2π range when θ changes from 0° to 60° at 577 nm, 612 nm, and 632 nm, respectively, as shown in Figure 1f. Such results also agree well with the theoretical expectation (6θ) according to Equation (1), demonstrating the generation of the generalized PB phase. The generalized PB phase can be obtained in the whole wavelength range of 560–660 nm as shown in Figure S2 (Supplementary Materials), which is not exactly multiple times of θ [30]. By changing the materials and sizes of elements, the performances of the LS and ALS structures may be further improved.



Figure 2b,d illustrate the instantaneous electric and magnetic field distributions to reveal the physical mechanism of spin-selective wavefront manipulations corresponding to side views of LS (in Figure 2a) and ALS (in Figure 2d) structures, respectively, underlying the different responses of different structures for two spin states. In Figure 2b (left), the electric intensity of two LS structures under LCP incidence is stronger than that of RCP at a resonant wavelength of 577 nm, which may originate from strong near-field interaction between adjacent meta-atoms (red dashed line), leading to large absorption or reflection [37]. The magnetic field distribution in Figure 2b (right) indicates that the magnetic intensity is approximately the same for LCP and RCP incidence, and thus, the influence of the magnetic field on the performance of the LS structure is relatively small. Due to the chiral LS structure without mirror symmetry, the cut plane depicts slicing a single arm of the ALS structure in Figure 2c (Supplementary Information S2). The electric intensity for LCP illumination is weaker than that of RCP for the ALS element in Figure 2d (left), while the magnetic intensity seems unchanged for LCP and RCP incidence. Corresponding contour maps are shown in Figure S3 (Supplementary Information S4). Therefore, the different responses of LS and ALS structures are mainly induced by electric field interaction for two spin states.




3. Spin-Selective Metadevices


To verify the asymmetric characteristics of the designed scheme, two separate deflectors are designed, whose deflection angles are calculated by the following [1,38]:


  α  = asin (   λ / Γ  )  



(3)




here, λ is the wavelength, and Γ presents the period of the deflector. By periodically arranging the LS structure with a phase interval of π/16, a deflector is designed, and its top view in the xoy plane is schematically shown in Figure 3a (top). Figure 3a (bottom) depicts corresponding normalized far-field distributions at three wavelengths. Different from the metasurface with the symmetric photonic spin-Hall effect that converts different circularly polarized light to different directions with the opposite deflection angle, such a deflector simultaneously achieves wavefront manipulation and polarization filtering. The simulated deflection angles are −4.2°, −4.5°, and −4.6° at 577 nm, 612 nm, and 632 nm under RCP incidence, respectively, which are basically consistent with theoretical expectations in Equation (3). The average deflection efficiency (diffraction efficiency, defined as the ratio of the reflected power for a specific angle to the total reflected power [39,40]) reaches ∼20.4% from 560 nm to 660 nm in Figure 3b, but it is lower than ∼6.3% for LCP illumination. Another deflector is obtained by arranging the ALS structure with the same incremental rotation angle (in Figure 3a) at the top of Figure 3c. The power is mainly deflected to +1st-order with deflection angles 4.1°, 4.3°, and 4.5° at 577 nm, 612 nm, and 632 nm for LCP, respectively. Moreover, the average diffraction efficiency exceeds ∼24.5% in 560–660 nm in Figure 3d, but most of the power vanishes (the average diffraction efficiency is lower than ∼6.9%) under RCP illumination. Therefore, this scheme can be used to design broadband spin-selective wavefront manipulation metadevices.



To further demonstrate spin-selective functionality, a bifocal metalens in Figure 4 has been designed, and the phase distributions are given by [41,42]:


  Φ  =  −    2 π  λ           x −  a  1 / 2      2  +  f  1 / 2  2    −  f  1 / 2      



(4)




where λ = 577 nm is the central wavelength, and a indicates focal shift. f is the focal length.



Figure 4a illustrates the vertical view of the bifocal metalens (composed of LS and ALS elements in different regions) and its phase distribution. For LCP incidence, the intensity distributions (theory and simulation results) on the z = f1 plane are displayed in Figure 4b,c, whose normalized sectional intensity curves are plotted in Figure 4d. Here, the theoretical results are obtained by vectorial angular spectrum theory, and the simulated results are calculated by the finite integration method [43,44,45] (for more details, see Supplementary Information S1). The full-width at half-maximum (FWHM) in simulation is ∼0.62 μm, which approaches the theoretical calculation (∼0.58 μm). This difference may be attributed to the perfect assumption of amplitude and phase in theoretical calculation. Both theoretical and simulated results are close to the diffraction limit (1.22λ/2NA = 0.563 μm, NA = 0.625 is the numerical aperture) [46,47]. Moreover, the simulated focusing efficiency (the definition sees Refs. [48,49]) reaches ∼6.57%. However, the incident RCP light is focused on different positions, and corresponding intensity distributions on the z = f2 plane are exhibited in Figure 4e,f. The theoretical intensity distribution in Figure 4e agrees well with the simulated result in Figure 4f. The simulated focusing efficiency is up to ∼29.73%. Their normalized intensities in Figure 4g reveal that the simulated FWHM of ∼0.72 μm approximatively approaches the theoretical calculation of ∼0.71 μm, and both of them reach the diffraction limit (0.704, NA = 0.5). These results demonstrate that such a metadevice can achieve spin-selective wavefront manipulations with the generalized PB phase. Furthermore, a thorough explanation of the data has been shown in Supplementary Information S5.




4. Conclusions


In summary, a platform of MIM metasurface is proposed to achieve broadband spin-selective wavefront manipulations with the generalized PB phase. Since the electric field interaction between adjacent elements can be enhanced, the designed C3 logarithmic spiral nanostructures show the chiral response. To verify the proposed method, two broadband deflectors in the range of 560–660 nm are designed to verify the asymmetric characteristics. In addition, a spin-dependent bifocal metalens (with a maximum efficiency of ∼29.73%) that can focus the incident LCP and RCP light on different positions is proposed. This work may be extensively applied in chiroptical spectroscopy, polarimetry, and polarization-selective images.
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Figure 1. Schematic and simulated results of the LS and ALS structures. (a,d) Schematics of LS and ALS elements with C3 rotational symmetries with P = 500 nm, t = 500 nm, h = 500 nm, H = 290 nm, C = 10 nm, and Λ= 0.98. The cross-polarization reflection amplitude spectra under LCP and RCP light incidence in 560–660 nm for (b) LS and (e) ALS structure, respectively. The phase spectra of (c) LS structure for RCP incidence and (f) ALS structures for LCP incidence with a 5° interval at wavelengths of 577 nm, 612 nm, and 632 nm. 
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Figure 2. Three-dimensional views and distributions of instantaneous electric and magnetic field. (a,c) Three-dimensional views of LS and ALS elements. (b,d) Side views of instantaneous electric and magnetic field distributions for LCP and RCP illumination at 577 nm. 






Figure 2. Three-dimensional views and distributions of instantaneous electric and magnetic field. (a,c) Three-dimensional views of LS and ALS elements. (b,d) Side views of instantaneous electric and magnetic field distributions for LCP and RCP illumination at 577 nm.



[image: Photonics 11 00690 g002]







[image: Photonics 11 00690 g003] 





Figure 3. Element arrangement and simulated results: Top views of two metadevices comprising (a) LS and (c) ALS structures and their normalized far-field intensity distributions for LCP and RCP illumination. (b,d) Diffraction efficiencies of deflectors as a function of the wavelength. 






Figure 3. Element arrangement and simulated results: Top views of two metadevices comprising (a) LS and (c) ALS structures and their normalized far-field intensity distributions for LCP and RCP illumination. (b,d) Diffraction efficiencies of deflectors as a function of the wavelength.



[image: Photonics 11 00690 g003]







[image: Photonics 11 00690 g004] 





Figure 4. Demonstrations of spin-selective wavefront manipulations with a bifocal metalens. (a) The top view of the bifocal metalens and its phase distributions. The theoretical (b) and simulated (c) intensities for LCP incidence (a1 = 5 μm, f1 = 40 μm). (d,g) The normalized sectional intensity curves. The theoretical (e) and simulated (f) intensities for RCP incidence (a2 = −5 μm and f2 = 50 μm). 
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