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Abstract

:

Vector beams (VBs) and their superposition have found important applications in versatile fields such as optical communications, super-resolution microscopy and quantum information, and metasurfaces have enabled the miniaturization and integration of the optical systems manipulating the vector beams, providing potential applications to subwavelength regimes. In this work, we propose a metasurface to realize the superposition of profile-tunable tightly focused VBs, with the novel structured light fields generated. The metasurface is composed of two sets of orthogonal-nanoslit pairs arranged on the inner and outer rings. By realizing the chiral conversion of circularly polarized light with the slit-pairs which act as half-wave plates, and by creating helical phase profiles of optical vortices with the geometrical phase of rotational nano-slit pairs, two focused Bessel VBs are formed. By finely varying the diameters of two sets of rings, the doughnuts of the two Bessel VBs of different orders are tuned to be of the same size, and the superposition of the two VBs is realized. The theoretical analyses of the superimposed fields were presented, the FDTD simulations were performed to optimize the designed metasurfaces, and the experimental measurements were carried out to validate feasibility of the metasurface. The novel and interesting characteristics of the superposed fields different from those of the conventional VBs were demonstrated. This work will be of significance for classical and quantum applications of VBs in various fields.
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1. Introduction


Metasurfaces are an artificial anisotropic surface structure consisting of sub-wavelength periodic units [1,2,3]. With the interaction of light with the structural units, metasurfaces can be used to flexibly control the properties of the output wavefields including the phases, amplitudes, and polarizations, exhibiting the powerful capabilities to manipulate the electromagnetic field wavefront. Compared with conventional bulky devices, metasurfaces have the advantages of high resolution, miniaturization, and feasibility for fabrications, and have found important applications in a wide range of areas such as metalenses [4,5,6], optical holography [7,8,9,10], medical detection [11,12,13,14] and structural color [15,16,17,18]. In manipulation of light fields with the metasurfaces, one of the most fundamental methods is to use the wavelength-dependent resonance of the metasurface units functioning as waveplates, with a propagation phase from 0 to 2π imparted by changing the size and shape of the units [19,20,21,22]. Another important and more widely used method is to employ the geometric phase shift 2σθ that depends on the circular polarizations of the chirality σ and the change of orientation angle θ of the units. Greatly facilitating the phase and polarization control, this method has realized the comprehensive manipulations of the light field at nano-scale, and it has brought about rapid advances in the engineering and applications of metasurfaces in recent years. Up to now, geometric phase has been used to design the metasurfaces with different functionalities for versatile applications. To mention a few examples in the vast amount of literature, L. L. Huang et al. proposed a metasurface of nanorods with variant orientations [23] and investigated phase discontinuity and the vortex generation via the conversion of circular polarization chirality; M.A. Zaman et al. [24], W.Y. Tsai et al. [25] and Y. Zhang et al. [26] proposed plasmonic spiral metasurfaces to realize the selective trapping or rotation of microparticles and the generation of vector vortex beams. M. Kim et al. [27] and W. J. Luo et al. [28] proposed dielectric and plasmonic metasurfaces to realize the photonic spin Hall effect of high efficiency for the circular polarization separations. Recently, by using the geometrical phase synthesized with the propagation phase, the deflection of optical vortices to independent directions was performed in the quadruplex circular polarization channels [29]; with the multiplexed meta-atoms, the quasi-perfect vortices of independent topological charges were generated [30]. Particularly, the geometric phase supports the spin-orbit angular momentum conversion of the metasurfaces, enabling them to possess conspicuous capabilities to manipulate the structured light field such as optical vortex, vector beams and their superposition.



Vector beams (VBs) are light fields with a spatially inhomogeneous distribution of polarizations; they are essentially the superposition of orbital angular momentum (OAM) modes carrying the spin angular momentum (SAM), and they are categorized into the most important types of structured light [31,32]. Over the past decade, they have attracted significant research interest and have found applications in a wide range of fields from classical physics to quantum science. The typical classical applications of VBs include high-resolution microscopy [33], light particle trapping [34,35], and medical clinical detection [36]. Fundamentally, the inseparability of the SAM and OAM modes of a VB is similar to the local entanglement in a bipartite quantum system; and VBs are used as a novel resource for quantum information protocols to encode rotationally invariant qubits [37,38,39] and have applications to quantum walk [40] and teletransportation [41], quantum error correction [42], quantum state tomography [43], etc. As the prior work, the generation of VBs have received great attention, and a series of methods and devices have been developed, such as q-plates [44], spatial light modulators [38,45], intracavity mode devices [46] and fiber lasers with mode-selective coupler [47]. It is a familiar characteristic of the VBs that the doughnut size in the intensity profiles is enlarged with the increase of the topological charges. This property is similar to that of vortex beams, and it was encountered earlier in the OAM-mode division multiplexing for enhanced data transmission in optical fiber communications [48,49], while the doughnuts of different sizes caused difficulties to couple multiple OAM beams of different topological charges into a fiber with an annular refractive index profile. The perfect optical vortices (POVs) were proposed [50,51] to overcome the difficulty, and such beams had the doughnut radius independent of the topological charges. Up to present, versatile schemes have been developed to generate POVs, making them suitable for propagations in the fiber [52,53] and for other applications. Moreover, the perfect VBs (PVBs) [54] were also proposed and garnered great interest [55,56,57] owing to their potential in extensive fields. Yet, the bulky optical paths to engender the PVBs with the conventional optical components make miniaturized integration impractical.



The generation of nanoscale VBs with metasurfaces has achieved rapid advancements, and various metasurfaces have been engineered to generate different VBs, including the simple radial and azimuthal polarized VBs (RPVBs and APVBs) and the higher-order Poincaré (HOP) VBs in single- and multi-channels [58,59,60,61,62]. Particularly, the PVBs [57,63] have been generated by introducing an axicon in either geometric or propagation phase in the metasurfaces, and they have found important applications in ultra-secure optical encryption [64], high-capacity optical communications [65,66] and particle capture [35,67]. Nevertheless, the additional phase of axicon produced the symmetrical deflection in focusing the wavefronts, and it has led to a diameter of the doughnut of the PVBs (usually on the scale of tens of micrometers) much larger than the tightly focused VBs; this weakened the ability of the PVBs for strong trapping and manipulations of particles. On the other hand, as an interesting discovery, tightly focused beams have supported a series of important phenomena such as spin-orbit interactions [68], topological structures in light field [69] and super-resolution [70,71]. However, in generating the tightly-focused VBs with metasurfaces, the doughnuts of intensity profiles for the generated beams are usually dependent on the topological charges, and how to tune the doughnut sizes so as to make them independent of the topological charges still needs to be tackled. Furthermore, through the superpositions of the circularly polarized vortices, generations of the ordinary VBs and the PVBs are widely studied. However, the superposition of tightly focused VBs with tunable intensity profiles has been rarely investigated.



In this paper, by spatially multiplexing the orthogonal nano-slit pairs arranged on circular rings, we design a metasurface to realize the superposition of profile-tunable tightly focused VBs and to generate the involved structured light. The metasurface is composed of the nano-slit pairs arranged on two sets of rings; each set includes both the inner and outer rings with different radii, and they have an optical path difference of a half wavelength to the center point of the observation plane. With combination of the path difference and the orthogonality of the two slits, each slit-pair acts as a half-wave plate and realizes the chiral conversion of incident circularly polarized light; meanwhile, the circularly polarized vortex beams with helical profiles based on the rotation of each nano-slit pairs are produced, and two Bessel VBs are formed under illumination of linearly polarized light. The two VBs are generated by the diffraction of wavefronts from the two sets of slit-pairs on corresponding rings. The larger diameter of the ring with respect to the observation distance provides a larger equivalent numerical aperture, causing the two Bessel VBs to be tightly focused. By precisely changing the diameters of two sets of rings, the doughnuts of the two Bessel VBs of different orders are tuned to be of the same size, thus realizing the superposition of two profile-tunable tightly focused VBs. To perform the metasurface design and demonstrate the superposition of the VBs, we gave the theoretical analysis of the superimposed fields produced by the metasurface; then we performed the simulations using the finite difference in time domain (FDTD) to optimize the designed metasurfaces; finally, we fabricated metasurface samples and carried out experimental measurements. This work would be of significance for applications of metasurfaces and VBs in high-capacity optical communication, optical information encryption and particle manipulations.




2. Basic Principles


Figure 1 is the illustrative schematic for the design principle of the metasurface to realize the superposition of tightly focused VBs of tunable profile, and the metasurface is composed of spatially multiplexed orthogonal slit-pairs. Figure 1a illustrates the wavefront propagation of the superimposed light field. Two sets of orthogonal nano-slit pairs interleaved in the metasurface are etched in an Au film deposited on a SiO2 substrate; they are specified as the inner and outer sets of slit-pairs according to the radii of the rings, whereas the slits have the same size and the orientation angles of the slit-pairs rotate with the azimuths. For clarity and convenience, the slits in each set of slit-pairs are also signified as inner-ring slits and outer-ring slits, respectively. Under the illumination of linearly polarized light, a set of slit-pairs produces both the left-handed and right-handed circularly polarized vortices |L, −q> of order −q and |R, q> of order q, yielding the VB of order q; while for both the inner and outer sets of slit-pairs, the tightly focused VBs of orders q = n and q = g are produced at the same time, respectively, and the superposition of the two VBs are realized. Since the light field of each VB in the area near the center point O′ of the observation plane are simply the Fourier transform of the waves from the corresponding set of slit-pairs, the doughnut size of intensity profile is decreased with the increase of the corresponding slit-pair ring. Thus, by controlling the rotational orders of the two sets of slit-pairs and adjusting the radii of the two sets of slit-pair rings, the doughnuts of the VBs of the orders n and g can be tuned to be with the same size, and the superposition of the two VBs with equal doughnuts is realized.



Intuitively, Figure 1b demonstrates the design of metasurfaces with the superposition of tightly focused VBs of the orders n = 1 and g = 3, wherein panels I and II in Figure 1b are the inner and outer sets of slit-pairs of metasurface, respectively, for the VBs of smaller order n = 1 and the larger order g = 3; each set contains its own inner ring and outer ring of slits. Panel III is the metasurface interleaved with the two sets of slit-pair rings in maps I and II. The bottom row of each panel shows the distributions of intensities |Ex|2 and |Ey|2 of x- and y-components and the total intensity |Ex|2 + |Ey|2, respectively, for the VBs of orders 1 and 3 and the superimposed light fields.



Figure 1c shows the coordinate relations between the object plane and observation plane. Each set of slit-pairs is represented by two individual orthogonal slits. The radii of the inner and outer slits in each set are    r q  ( i )     and    r q  ( o )    , where the subscript q taking n and g indicates the inner and outer set of slit-pairs respectively, as shown in Figure 1c, and the optical paths from the two slits to the origin O′ of the observation plane are    s q  ( i )     and    s q  ( o )    , respectively; they are expressed as    s q  ( i )   =   (  r q  ( i )        2   +  f 2  )   1 / 2     and    s q  ( o )   =   (  r q  ( o )        2   +  f 2  )   1 / 2    . Furthermore, the optical path difference between the inner and outer ring slits to O′ is λ/2, i.e.,    s q  ( o )   −  s q  ( i )   = λ / 2  . In our design, the wavelength has taken λ = 632.8 nm, and the distance f from the object plane to the observation plane is set at f = 5 μm. Hereafter, the ring radius of a set of slit-pairs is signified by the radius of its inner-slit ring    r q  ( i )    , otherwise noted.



Figure 1d is the overlapped view of plane Oxy where the metasurface lies and plane O′x′y′ for illustrating the coordinate relation of the object point p (r, θ) and the observation point q (R, α) with the distance ρ. Figure 1e is the diagram of a representative pair of slits at p (r, θ) with the geometrical quantities given in details. The length and width of each slit are L = 250 nm and W = 80 nm, respectively. The orientation angles of the long sides of the inner and outer slits with respect to x axis are φ and φ + 90°, respectively; φ is set as φ = φ0 + mθ to form a helical profile of geometric phase, where θ and m are the azimuthal angle and the rotational order of the slit-pair, respectively, and φ0 denotes the orientation angle of the initial slit at θ = 0. By setting φ0 = 0°, it arrives at φ = mθ, which is the case we use for the metasurface designs. Additionally,     e ^  x    and     e ^  y    are unit vectors in the x and y direction,     e ^  r    and     e ^  t    in radial and azimuthal directions, and   u ^   and   v ^   are in the directions parallel and perpendicular to the long side of the slit.



We first consider the wavefield excited at point p (r, θ) by an outer slit-pair of the metasurface. As shown in Figure 1e, the unit vectors   u ^   and   v ^   can be written as    u ^  = c o s φ   e ^  x  + sin φ   e ^  y    and    v ^  = − sin φ   e ^  x  + cos φ   e ^  y   , respectively. It is known that the plasmonic field excited by a thin slit is perpendicular to long side of the slit [72], and it is along the direction of   v ^  . Thus, when illuminated with circularly polarized light    E  i n  σ  =  [    1    σ i     ] /  2    with chirality σ, the transmitting wavefield Ev generated by the inner slit at p (r, θ) can be written as [61]


   E v  = (  E  i n  σ  ⋅  v ^  )  v ^  =   i σ    2    exp ( i σ φ )  v ^  ,  



(1)







Similarly, the radial and azimuthal unit vector     e ^  r    and     e ^  t    are     e ^  r  = cos θ   e ^  x  + sin θ   e ^  y    and     e ^  t  = − sin θ   e ^  x  + cos θ   e ^  y    according to the geometric relation in Figure 1e, respectively. The radial and azimuthal components    E  v r   ( i )     and    E  v t   ( i )     of the wave field excited by this inner slit in     e ^  r    and     e ^  t    can be written as


   E  v r   ( i )   = (  E v  ⋅   e ^  r  )   e ^  r  =   i σ    2    exp ( i σ φ ) sin ( θ − φ )   e ^  r  ,  



(2)






   E  v t   ( i )   = (  E v  ⋅   e ^  t  )   e ^  t  =   i σ    2    exp ( i σ φ ) cos ( θ − φ )   e ^  t  ,  



(3)







By taking it into account that the orientation of the outer slit of a slit-pair is perpendicular to the inner slit, the radial and azimuthal components    E  v r   ( o )     and    E  v t   ( o )     of wavefield excited by the corresponding outer slit can be written as


   E  v r   ( o )   =     1    2    exp ( i σ φ ) cos ( θ − φ )   e ^  r  ,  



(4)






   E  v t   ( o )   =   − 1    2    exp ( i σ φ ) sin ( θ − φ )   e ^  t  ,  



(5)







It is noted that the optical path difference δ between the two slits in a pair to a point in the area near the center O′ results in the propagation phase kδ, where k = 2π/λ and δ = λ/2; based on Equations (2)–(5), the radial and azimuthal components Epr (r, θ) and Ept (r, θ) of the wavefield produced by the slit-pair are obtained [73]:


   E  p r   ( r , θ ) =  E  v r   ( i )   +  E  v r   ( o )   exp ( i k δ ) =   − 1    2    exp  [ i σ ( 2 φ − θ ) ]   e ^  r  ,  



(6)






   E  p t   ( r , θ ) =  E  v t   ( i )   +  E  v t   ( o )   exp ( i k δ ) =   i σ    2    exp  [ i σ ( 2 φ − θ ) ]   e ^  t  ,  



(7)







With the following transformation matrix:


       E  p x   ( r , θ )      E  p y   ( r , θ )     =         cos θ     − sin θ             sin θ     cos θ              E  p r   ( r , θ )      E  p t   ( r , θ )     ,  



(8)




and substituting (6) and (7) into (8), we obtain the wavefield in the Cartesian coordinates:


   E p σ  ( r , θ ) =   − 1    2    exp ( i 2 σ m θ )     1     − σ i     ,  



(9)







From the above equation, it can be seen that the incident circular polarization of the chirality σ is converted to the opposite polarization of chirality −σ for the field with the geometric phase exp (i2σmθ) imposed. This indicates that the slit-pair has the functionality of polarization conversion similar to a half-wave plate under the above given conditions [74].



Based on the Huygens-Fresnel principle of surface plasmons [75], the wavefield    E g σ  ( R , α )   at the point q (R, α) of observation plane is the superposition of the wavefields    E p σ  ( r , θ )   excited by all slit-pairs on the outer ring of the metasurface, and it is expressed as


   E g σ  ( R , α ) = − i /   ρ λ     ∫   E p σ     ( r , θ ) exp  [ i ( k ρ + π / 4 ) ] r d θ ,  



(10)







In the area near the center point O′, it holds that R << r, and thus the ρ is approximated as ρ ≈ s − Rrcos (θ − α)/s, wherein s is the distance from the point p (r, θ) to O′, s = (f 2 + r2)1/2. Remembering the orientation angle φ = mθ and using the properties of the Bessel function, the calculations on Equation (10) give the following expression:


   E g σ  ( R , α ) = i C   ( − i )   σ g   exp ( i σ g α )  J  σ g   ( k R  r g  ( i )   /  s g  ( i )   )     1     − σ i     ,  



(11)




where    r g  ( i )   = r  ,    s g  ( i )   = s  , g = 2 m, m is the rotational order of the slit-pairs, and   C =  r g  ( i )   /   2 λ f   π e x p  [ i ( k  s g  ( i )   + π / 4 ) ]   is a complex constant. The above equation indicates that the slit-pairs on the outer ring produces an optical vortex of chirality −σ opposite to the incident circular polarization with topological charge g; the radial intensity profile is the modulus square of the Bessel function   |  J  σ g   ( k R  r g  ( i )   /  s g  ( i )   )  | 2   . Intuitively, under the illumination of left-handed circular polarization with σ = 1, the optical vortex of order g of right circular polarization will be produced and vice versa.



Furthermore, when the illuminating light is linearly polarized in the horizontal direction, it contains both the left and right circular polarizations    E  i n     σ  = 1      and    E  i n     σ  = - 1     , and it is denoted as    E  i n     L   =  E  i n     σ  = 1    +  E  i n     σ  = - 1     . Based on the above analysis and Equation (11), the light field Eg (R, α) produced by the set of slit-pairs on the outer ring is the superposition of the two circularly polarized vortices of topological charge ±g:


   E g  ( R , α ) =  E  σ = 1   ( R , α ) +  E  σ = − 1   ( R , α )  










  ∝   ( − i )   g − 1    J g  ( k R  r g  ( i )   /  s g  ( i )   )     cos g α     sin g α     ,  



(12)







The above Equation shows that the set of slit-pairs produces a radial VB of order g, while the x- and y- component fields varies with cos gα and sin gα, respectively.



Likewise, similar analysis and results also hold for the light field produced by the slit-pairs on the inner ring of the metasurface, and resultantly, under the illuminating light of horizontal linear polarization, the radial VB of order n with the form similar to Equation (12) is obtained, and the light field En (R, α) can be expressed as follows:


   E n  ( R , α ) ∝   ( − i )   n − 1    J n  ( k R  r n  ( i )   /  s n  ( i )   )     cos n α     sin n α     ,  



(13)







Here, n is the rotational order of slit-pairs on the inner ring. Thus, as the superposition of the vector light fields En (R, α) and Eg (R, α), the light field E (R, α) produced by the entire metasurface is the following:


  E ( R , α ) =  E n  ( R , α ) +  E g  ( R , α )  










  ∝       ( − i )   n − 1    J n  ( k R  r n  ( i )   /  s n  ( i )   ) cos n α +   ( − i )   g − 1    J g  ( k R  r g  ( i )   /  s g  ( i )   ) cos g α       ( − i )   n − 1    J n  ( k R  r n  ( i )   /  s n  ( i )   ) sin n α +   ( − i )   g − 1    J g  ( k R  r g  ( i )   /  s g  ( i )   ) sin g α     ,  



(14)







The above equation is the expression for the superimposed light field of profile-tunable tightly focused VBs of orders n and g, with the two components Ex and Ey given in Jones vector, respectively, and the corresponding intensities |Ex|2 and |Ey|2 and the total light intensity |Ex|2 + |Ey|2 are readily obtained.



Essentially, the optical path difference of λ/2 and the orthogonality of the two slits in a slit-pair introduce, respectively, the propagation phase and the geometrical phase of π, and their combination enables the light field near the center O′ to be the superposition of constructive interference. Thus, the wavelets from all slit-pairs on an entire ring produces the same effect as focusing; with the rotational order of the slit-pair taken into account, a focused vortex field is formed in the central area near O′. Moreover, the set focal length for the constructive interference is f = 5 μm, being of the same order as the radius of the slit-pair ring, and such setting corresponds to a larger numerical aperture of focusing. Therefore, the radial VBs of orders n and g may have the spot sizes of the component Ez smaller than a resolution limit (0.61λ/N.A.), and the two VBs can be regarded as tightly focused. Consequently, the superposition of tightly focused VBs can be realized. Based on Equation (14), it can be also deduced that the radius Rn and Rg of the doughnut intensity profiles of the two VBs are related to the first maximum points Xn and Xg for the Bessel functions of the orders n and g, respectively, with    X n  = k  R n   r n  ( i )   /  s n  ( i )     and    X g  = k  R g   r g  ( i )   /  s g  ( i )    . Yet, for the superposition of traditional Bessel VBs, it can be considered as the case in which the radius    r n  ( i )     and    r g  ( i )     of the two slit-pair rings are equal; whereas the higher the order of Bessel VB, the larger the maximum point Xn or Xg and the larger the radius Rn or Rg of the doughnut. Different from conventional VBs, here by adjusting radii    r n  ( i )     and    r g  ( i )     of the slit-pair rings in accordance with the given rotation orders, respectively, the radii Rn and Rg of the doughnuts are modulated to be equal for the two generated VBs, i.e., Rn = Rg; thus, the superposition of the tightly focused VBs of profile tunability is finally realized, and the related structured light is also generated.




3. Theoretical Calculation and Numerical Simulation


3.1. Design of the Metasurfaces


According to the previous analysis and the geometric relation in Figure 1c, it is clear that the radii    r q  ( i )     and    r q  ( o )     of the inner and outer rings of a set of slit-pairs satisfy    r q  ( o )   =    [  r q  ( i )        2   +  λ 2  / 4 + λ   (  r q  ( i )        2   +  f 2  )   1 / 2   ]   1 / 2    , in addition, based on the above expressions    X n  = k  R n   r n  ( i )   /  s n  ( i )     and    X g  = k  R g   r g  ( i )   /  s g  ( i )     of the first maximum points for the Bessel functions of the orders n and g, the corresponding radius of the VB doughnut of order q could be written as    R q  =  X q    (  r q  ( i )        2   +  f 2  )   1 / 2   / k  r q  ( i )    , where Xq is the first maximum point for the Bessel function of order q, which gives the relation between the radius Rq of the doughnut and the radius    r q  ( i )     of slit-pair ring. From this relation, the variation of the doughnut radius Rq of the VBs of order 1 to 4 versus    r q  ( i )     is obtained and is shown in Figure 2a. If the doughnut radius of the two VBs to be superimposed are both set as Rs, by drawing the horizontal dashed line with vertical coordinate value of Rs as shown in Figure 2a, the horizontal coordinate of its intersections with the curves gives the radius of the corresponding slit-pair ring. We choose two of these intersection points labeled in red and blue, and we can read the radius    r n  ( i )     and    r g  ( i )     of the inner and outer slit-pair rings for n = 1 and g = 3, respectively; accordingly, the corresponding radii    r n  ( o )     and    r g  ( o )     of the outer slit rings in each slit-pair rings are also obtained through simple calculations. Thus, by achieving the radius values of the two slit-pair rings with the setting rotational orders, the metasurface for the superposition of profile-tunable VBs of order n and g is designed. In addition, in Figure 2a, the intersections of the vertical dashed line with the blue and red curves represents the equal radius    r n  ( i )   =  r g  ( i )     of the two slit-pair rings with different rotation orders, and the corresponding doughnut radius values of Rs and    R s ′    are for the usual VB of unmodulated intensity profiles and their superposition.



In Figure 2b, the patterns from left to right in the upper row show the two slit-pair rings with the equal radius and the formed meaturface, respectively; the images in the lower row show the corresponding doughnuts and superimposed total intensity profile for VBs of order of 1 and 3, respectively. In contrast, Figure 2c shows in the upper row the inner and outer slit-pair rings with different radii    r n  ( i )     and    r g  ( i )     and the formed metasurface; the lower row are the images of the total intensity profiles for the two VBs with the same doughnut radius Rs and the superimposed fields, respectively. Compared with the results in Figure 2b, the results in Figure 2c for the superimposed fields of the profile-tunable VBs with equal doughnuts have different characteristics from the those of unmodulated VBs, and the intensity profile exhibits a simple pattern and concentrating power.




3.2. Calculation of the Superimposed Field of Tightly-Focused VBs


We practically designed four metasurface samples S1, S2, S3 and S4, to realize the superposition of profile-tunable tightly focused VBs of the orders (n, g) = (1, 3), (2, 4), (1, 2) and (2, 3), respectively. We first performed theoretical calculation of the light fields generated by each of the four samples based on the Huygens-Fresnel principle, and then implemented numerical simulation by using the finite difference in time domain (FDTD) for the superimposed fields and intensities. In the simulation, the parameters for the optical system and the metasurfaces are the same as those given in Section 2. For the designed metasurface, the Au film is 200 nm thick. The incident light is linearly polarized in the horizontal direction; it illuminates the metasurface from the side of substrate, and the output fields are calculated on the focused plane. The radii    r n  ( i )     and    r g  ( i )     of the two slit-pair rings were originally set with the theoretical values and were finely adjusted according to the practical results of FDTD simulations. The practical radius values for the inner and outer slit-pair rings of the metasurface samples and the corresponding doughnut-radius values of Rs are given in Table 1. In addition, we note that the complex refractive index of gold film is 0.12517 + 3.3326 i and the refractive index of SiO2 is 1.4570 at wavelength 632.8 nm [76,77,78], as given in Table 2.



Figure 3 shows the theoretical and simulational intensity images of the superimposed profile-tunable VBs for samples S1, S2, S3 and S4, respectively. Figure 3(a1–d1,a2–d2,a3–d3) are the theoretical results for the x- and y- component and total intensities |Ex|2, |Ey|2 and |Ex|2 + |Ey|2 of the four samples, respectively; the overlaid blue arrows denote the polarization states of light fields. Figure 3(a4–d4,a5–d5,a6–d6) are the corresponding results of FDTD simulations, respectively. It can be seen that these intensity images have unique and interesting characteristics; particularly, for the superimposed fields of VBs of the orders 1 and 3 by samples S1 and the orders 2 and 4 by S2, respectively, the total light intensities |Ex|2 + |Ey|2 both show a unique double petal pattern, while patterns of the component intensities |Ex|2 and |Ey|2 have petals of variable numbers. These petal-shaped intensity distributions are not only different from those of the conventional single VBs [79], but also different from the superimposed fields of the VBs with unmodulated doughnuts [80] while for the superimposed fields of VBs of the orders 1 and 2 by samples S3 and the orders 2 and 3 by S4, respectively, the total intensity |Ex|2 + |Ey|2 still exhibits the well doughnut-shaped distribution. The component intensities |Ex|2 and |Ey|2 of the superimposed fields are apparently similar to those of the single VB of the order 2 and 3, respectively, which indicates that the VB of the higher order plays the dominant role in the superposition in the case when the order difference of two VBs is 1. Furthermore, we find it very interesting that for samples S1 and S3, the intensity distributions are entirely different from the VB of the order 1, but their spatial distributions of polarization are the same and are identical to the radially polarized VB of the order 1. Similarly, for samples S2 and S4, the intensity profiles are completely different from those of the VB of the order 2, but the distributions of polarizations are coincidentally the same as radially polarized VB of the order 2. This might be an example of inconsistent topologies in polarization singularity and helicity of the wavefronts in the superimposed VB fields.




3.3. Analysis of Results


For more detailed analysis of the characteristics of the superimposed fields, Figure 4 shows the curves of the component and total intensities versus azimuthal angle α for the four samples where each intensity curve is taken at the radius of the doughnut corresponding to the first maximum value of the Bessel functions. The black, green and blue curves in the figures show the component intensities |Ex|2 and |Ey|2 and total intensity |Ex|2 + |Ey|2, respectively. We take sample S1 as an example to analyze the intensity curves, in which the two VBs involved in generating the superimposed fields are of orders 1 and 3, respectively. From the x- and y- components Ex and Ey of the superimposed fields given in Equation (14), the corresponding component and total intensities are   |  E x   | 2  =  J  1 M  2    cos  2  α +  J  3 M  2    cos  2  3 α − 2  J  1 M    J  3 M   cos α cos 3 α  ,   |  E y   | 2  =  J  1 M  2    sin  2  α +  J  3 M  2    sin  2  3 α     − 2  J  1 M    J  3 M   sin α sin 3 α   and   | E  | 2  =  J  1 M  2  +  J  3 M  2  − 2  J  1 M    J  3 M   cos 2 α  , respectively. Here J1M and J3M are the first maxima of Bessel functions of orders 1 and 3, respectively.



These results are demonstrated by the intensity curves of the superimposed VBs of orders 1 and 3 in Figure 4a. According to the above expressions, |E|2 takes the maxima at α = 90° and 270°, which is in consistency with the two bright petals in the theoretical and simulation intensity patterns in Figure 3(a3,a6), respectively. For the expression of |Ex|2, the maxima of intensity are at α = 53.0°, 127.0°, 233.0° and 307.0°, which conforms with the four bright petals of the intensities in Figure 3(a1,a4), while for the expression of |Ey|2, two major maxima appear at α = 90° and 270°, which are verified by the curves in Figure 4a; interestingly, four minor maxima also appear at α ≈ 21.7°, 158.2°, 201.8°and 338.3°, which are demonstrated in the inset of Figure 4a as the magnified view of the central part of the curve I = |Ey|2 and are also observed in both the theoretical and simulation patterns in Figure 3(a2,a5). Coincidentally, the superimposed field of the VBs of orders 2 and 4 by sample S2 has the similar characteristics, and the curves of the intensity versus α in Figure 4b are consistent with the theoretical and simulation results in Figure 3(b1–b6).



In contrast, for the superimposed fields of VBs of the orders 1 and 2 by samples S3 and the orders 3 and 4 by S4, the intensity distributions have the common characteristics. Similarly, taking sample S3 as the example, we obtain that Ex ∝ J1Mcosα − iJ2Mcos2α and Ey ∝ J1Msinα − iJ2Msin2α; the corresponding intensities are   |  E x   | 2  =  J  1 M  2    cos  2  α +  J  2 M  2    cos  2  2 α  ,   |  E y   | 2  =  J  1 M  2    sin  2  α +  J  2 M  2    sin  2  2 α   and   | E  | 2  =  J  1 M  2  +  J  2 M  2   . These expressions correspond to the intensity curves versus α for sample S3 in Figure 4c; it is interesting that the curve of the total intensity |E|2 is of constant value, as indicated by circle of constant radius    J  1 M  2  +  J  2 M  2   , which is supported by the homogeneous doughnut distributions in Figure 3(c3,c6). In addition, |Ex|2 takes the major maxima at α = 0° and 180°, and the minor maxima at α = 90° and 270°, and |Ey|2 takes the maxima at α ≈ 55.2°, 124.7°, 235.2° and 304.7°, as demonstrated in the corresponding curve in Figure 4c. Apparently, these features are consistent with the theoretical and simulation patterns for sample S3 in Figure 3(c1–c6).



On the whole, for the superposition of VBs of the orders n = 1 and g = 3 by samples S1 and for that of the orders 2 and 4 by S2, respectively, the double petals in the total intensity are originated from the cross term −2Jn Jg cos(g − n)α, which causes the maxima at α = 90° and 270°. Similarly, the cross terms also provide diverse petal distributions for the intensities of the component fields. However, for the superposition of VBs of orders n = 1 and g = 2 and VBs of orders 2 and 3 by samples S3 and S4, respectively, the cross terms are vanished owing to the orthogonality of the real and imaginary parts in the VB fields, and total intensities are reduced to the incoherent additions of the VB intensities. Thus, the doughnuts of the total intensities appear to be homogeneous. Additionally, as the cosine or sine function squared of α, the intensities of the VBs of higher orders vary more rapidly versus α; thereby the component intensities of sample S3 and S4 exhibit the distributions with more petals, very much similar to the involved higher-order VB in the superposition. Here we note that these phenomena are unique in the superimposed fields of tightly focused VBs with equal doughnuts in this work, and they would enrich the structured light fields with novel constituents.





4. Experiment


Figure 5 shows the optical setup constructed for measuring the superimposed light field of the profile-tunable tightly focused VBs. The He-Ne laser emits a vertically, linearly polarized light beam with the wavelength of 632.8 nm, and a half-wave plate (HWP) is used to adjust the polarization of the incident light. To match the designed metasurface samples, the incident light is adjusted to be horizontally, linearly polarized; and it illuminates the sample from the side of the SiO2 substrate, which is placed on the three-dimensional translation stage. The microscopic objective lens (MO, N.A. = 0.9/100×) is used to magnify and image the superimposed field, which is obtained at 5 μm from the sample surface. Then the image intensity pattern is captured by the sCMOS (Zyla-5.5, 16) placed on the image plane. An analyzing polarizer (P) is used to extract the light intensities |Ex|2 and |Ey|2 of the x and y components of the superimposed fields. The quarter-wave plate (QWP) is typically removed from the optical path; when it is placed in, the setup will be used to measure the superimposed fields of the profile-tunable higher-order Poincaré VBs, which will be discussed in the following section.



In the fabrication of the metasurface sample, the Au film with a thickness of 200 nm was deposited on the SiO2 substrate by magnetron sputtering, and then two sets of orthogonal slit-pairs were etched in the gold film with the focused ion beam (FIB) system (FEI Helios G4 UX) with the resolution 4.0 nm at 30 kV using the preferred statistical method. The radius parameters of the slit-pair rings for the fabricated samples S1, S2, S3 and S4 are the same as those in Table 1, and the nanoslit parameters are the same as those in the FDTD simulations. Again, the four fabricated samples are used to generate the superimposed fields of the VBs of the orders (n, g) = (1, 3), (2, 4), (1, 2) and (2, 3), respectively. Figure 6a–d are the SEM images of samples S1–S4, respectively, and the insets show the local magnified views. From the variation of the orientation angles of the nanoslits in the images, the rotational orders of the two sets of slit-pairs (n/2, g/2) = (0.5, 1.5), (1, 2), (0.5, 1) and (1, 1.5) could be qualitatively judged for the four samples, respectively. Figure 6(a1–d1,a2–d2,a3–d3) are the images of the component and total intensities |Ex|2, |Ey|2 and |Ex|2 + |Ey|2 generated by samples S1–S4, respectively. On the whole, they are in agreement with the corresponding theoretical and simulation results in Figure 3, validating feasibility of the method for metasurface designs. It should also be noted that there are still some discrepancies between the experimental and theoretical results. These discrepancies mainly stem from the unavoidable factors, such as the errors of nanoslit sizes in the fabrications, the imperfectness of optical elements, and misalignment in the optical setup for the measurements, which may deteriorate the quality of the intensity images in the experiments. In addition, there is a small amount of residual gallium ions on the samples fabricated with FIB; however, the surface plasmon polaritons (SPPs) excited by gallium ions are usually much weaker than those excited by noble metals or gold. So, the errors of the optical fields caused by the residual gallium ions might be much smaller than those due to the several factors as mentioned above, and then the influence of the residual gallium ions might be very insignificant. We believe that such interesting experimental phenomena are of potential applications in the fields such as optical communications, particle manipulations and quantum information.




5. Discussions


In the above, the polarization states of the VBs produced by each set of slit-pairs in the metasurface are linearly polarized, and it is the fundamental case in the generation of VBs. In fact, compared with the linearly polarized VBs, the higher-order Poincaré (HOP) VBs with elliptical polarizations are more generalized and have wider applications. As well understood, the spatially variant polarization states of the HOP VB are represented by a point on the HOP sphere [81]. By adjusting the ellipticity of the illumination light in our experiment, the four metasurface samples can be extended to realize the superposition of profile-tunable HOP VBs, with the resultant structured light fields being achieved correspondingly. The elliptically polarized incident light Ein can be represented by the point (2Θ, 2Φ) on the conventional Poincaré sphere, and it is written as


   E  i n   =   ∑  σ = − 1 ( σ ≠ 0 )  1    a σ  exp ( − i σ Φ )    E  i n  σ  ,  



(15)




where the normalized amplitude aσ is expressed as aσ = 1 = sinΘ and aσ = −1 = cosΘ for σ = 1 and σ = −1, respectively. Using the above Equation and following the derivations of Eg (R, α) in Equations (11) and (12), we derive the light field    E g  ( e )   ( R , α )   produced by the slit-pairs on the outer ring under the illumination of elliptical polarization, in which the circular polarization    E  i n  σ  =  [    1    σ i     ] /  2    were replaced by aσexp (−iσΦ) Eσ for both σ = 1 and σ = −1; then we obtain


   E g  ( e )   ( R , α ) ∝   ∑  σ = − 1 ( σ ≠ 0 )  1    a σ    ( − i )   σ g − 1    J l  ( k R  r g  ( i )   /  s g  ( i )   )     1     − σ i     exp  [ i σ ( g α − Φ ) ]   ,  



(16)




where l = σq signifies the order of Bessel function, with q taking either g or n for the outer or inner slit-pairs rings. Similarly, for the slit-pairs on inner ring of the metasurface, the HOP VB    E n  ( e )   ( R , α )   is written as


   E n  ( e )   ( R , α ) ∝   ∑  σ = − 1 ( σ ≠ 0 )  1    a σ    ( − i )   σ n − 1    J l  ( k R  r n  ( i )   /  s g  ( i )   )     1     − σ i     exp  [ i σ ( n α − Φ ) ]   ,  



(17)







Consequently, the superimposed light fields E(e) (R, α) of the HOP VBs of the orders n and g are written as


   E  ( e )   ( R , α ) =  E n  ( e )   ( R , α ) +  E g  ( e )   ( R , α )  










  ∝   ∑  q = n , g        ∑  σ = − 1 ( σ ≠ 0 )  1    a σ    ( − i )   σ q − 1    J l  ( k R  r q  ( i )   /  s q  ( i )   )     1     − σ i     exp  [ i σ ( q α − Φ ) ]     ,  



(18)







By changing the elliptical polarization of the illuminating light to adjust its position (2Θ, 2Φ) on the conventional Poincaré sphere, the designed metasurfaces realize the superposition of HOP VBs    E n  ( e )     and    E g  ( e )     with equal doughnut size. Here we notice that    E n  ( e )     and    E g  ( e )     are at the points with same spherical coordinates (2Θ, 2Φ) but on the HOP spheres of orders n and g, respectively. In the left and right parts in Figure 7a, the two HOP spheres of the orders n and g are drawn, respectively, and on each sphere, the nine points i to ix are labeled on each sphere from the north pole to the south pole along the prime meridian of Φ = 0. In the middle part of Figure 7a, the schematic is drawn for the superimposed HOP vector light fields    E  n ,   i   ( e )   +  E  g ,   i   ( e )     to    E  n ,   ix   ( e )   +  E  g ,   ix   ( e )     of the tightly focused VBs. While the north and south poles on each HOP sphere represent the left and right circularly polarized optical vortices, respectively, the point on the equator represents the linearly polarized vector light field and the other points on the HOP sphere represent the HOP fields of elliptical polarizations.



In the experimental measurements, we also used the setup in Figure 5 but moved the QWP into the optical path; by combining the HWP and QWP to adjust the ellipticity of the incident light, the superposition of the HOP vector fields at the above nine points was realized. Figure 7b shows the experimental and simulation images of the superimposed HOP VBs for samples S1 and S3, where the arrowed circle, ellipses and line in the upper title row indicate the polarization states corresponding to points i to ix on the conventional Poincaré sphere. The gray-scale images in rows A, C and E are the experimental intensity profiles for |Ex|2 and |Ey|2 and |Ex|2 + |Ey|2 of the superimposed fields produced by sample S1, respectively; the images in rows F, H and J are the corresponding experimental results of intensities by sample S3, respectively; and the colored images in rows B, D, G and I are the corresponding simulation counterparts to the experimental images, respectively, as labeled by the color bars; the double-arrowed lines in the left title column labels the transmitting direction of the analyzing polarizer. It can be seen that when the polarization state changes from that in column i to column ix, the boundary of the petals in intensity profiles changes from being blurred to being clear and then to being blurred again. Moreover, in the results for sample S3, the light intensity profiles undergo a rotation. The phenomena are related to the varying amplitudes of the left-handed and right-handed circularly polarized vortices in HOP VBs of orders n and g during the change of the incident polarization ellipticity. Apparently, for the polarization states at two symmetrical points with respect to the equator, the amplitude and phase of the left-handed and right-handed circularly polarized vortices are flipped, and this leads to the conversion of y components in the superposed fields; as a result, the intensity profiles appear to be rotating with evolution of the polarization states on the prime meridian. We believe that the superposition of profile-tunable tightly focused HOP VBs would be of significance for applications in fields such as quantum communications and cryptography, optical trapping and vector mode multiplexing.




6. Conclusions


In conclusion, by spatially multiplexing the orthogonal nano-slit pairs on rings, we propose a metasurface to realize the superposition of profile-tunable tightly focused VBs and the generation of the corresponding structured light fields. By setting the rotational orders of the slit-pairs and by adjusting the radii of both inner and outer rings of the slit-pairs in the metasurface, the intensity profiles of two arbitrary-order VBs are modulated to have the doughnuts of equal sizes, and the superimposed fields are achieved. Furthermore, by changing the elliptical polarizations of the incident light, the superposition of the profile-tunable HOP VBs was also realized. We expect that this research will contribute to the literature of manipulating VBs and generating novel structured light fields. It would also be of great significance to potential applications such as particle trapping, optical encryption, and optical communications with high capacities.
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Figure 1. (a) Schematic for superposing the profile-tunable tightly focused VBs by metasurface. (b) The principle illustration for the metasurface superposes the VBs of the orders n = 1 and g = 3 with equal light intensity profiles. Panel I: metasurface of inner set slit-pairs; Panel II: metasurface of outer set slit-pairs; Panel III: metasurface consists of inner and outer sets slit-pairs. The white double arrows show the transmitting direction of the analyzing polarizer. (c) Geometry and coordinate relations for points on the object and observations planes. The two sets of the orthogonal slit-pairs and the rings the slits lie on are illustrated. (d) The overlapping view of the object plane Oxy and the observation plane O′x′y′. (e) Schematic for unit vectors of the coordinates and orientations of slits in a representative orthogonal slit-pair. 
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Figure 2. (a) The variation of the doughnut radius Rq for the VBs of orders 1 to 4 versus the radius    r q  ( i )     of the slit-pair ring. Superposition of VBs of the orders 1 and 3 (b) by two slit-pair rings of equal radius but with unequal radii of the formed doughnuts and (c) by two slit-pair rings of modulated radius with equal radii of doughnuts. 
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Figure 3. The theoretical and simulation results for the intensities of the x- and y- components and total intensities |Ex|2, |Ey|2 and |Ex|2 + |Ey|2 of the superimposed VBs with equal doughnuts for the samples S1, S2, S3 and S4, respectively. 
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Figure 4. The curves of the intensity of superimposed VBs versus azimuthal angle α, (a–d) show the theoretical curves of the intensities |Ex|2, |Ey|2 and |Ex|2 + |Ey|2 with α for samples S1–S4, respectively. 
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Figure 5. The diagram of experimental optical setup. From left to right, the optical devices including the laser, half-wave plate (HWP), quarter-wave plate (QWP), sample and three-dimensional translation stage, microscopic objective lens (MO), analytical polarizer (P), and sCMOS camera are shown. 
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Figure 6. SEM images of the four samples and the experimental intensity images of the superimposed VBs. The insets show the magnified local images of the orthogonal slit-pairs. 
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Figure 7. (a) The left panel: the HOP spheres of order n; the right panel: HOP spheres of order g; middle panel: the illustration of the superposition of the two HOP VBs. (b) Experimental and simulation intensities |Ex|2, |Ey|2 and |Ex|2 + |Ey|2 of the superimposed light fields for the HOP VBs of the order n and g with equal doughnut size produced by samples S1 and S3, respectively. 
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Table 1. Parameters of designed four samples (the two VBs of orders n and g to be superimposed have the equal doughnut radius Rs).
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	Sample
	S1
	S2
	S3
	S4





	(n, g)
	(1, 3)
	(2, 4)
	(1, 2)
	(2, 3)



	Rs
	0.5458
	0.63
	0.432
	0.4844



	    r n  ( i )     
	1.807
	2.7983
	2.3775
	4.1119



	    r n  ( o )     
	2.587
	3.3993
	3.041
	4.5939



	    r g  ( i )     
	6.048
	8.0784
	5.0731
	8.978



	    r g  ( o )     
	6.448
	8.4482
	5.5085
	9.3415
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Table 2. Parameters of materials.
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	Parameters
	Gold Film
	SiO2 Substrate





	thickness
	200 nm
	1 mm



	Refrative index [76,77,78]
	0.12517
	1.457



	Extinction coefficient [76,77,78]
	3.3326
	0
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