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Abstract

:

We study the tight focus of generalized (hybrid) Poincaré beams. A conventional Poincaré beam is a coaxial superposition of two optical vortices, one with left circular polarization and a topological charge (TC) of m, while the other has a right circular polarization and a TC of −m. The generalized Poincaré beams are also composed of two optical vortices, but their TCs are different, for instance, p and q. Here, we theoretically investigate the generalized Poincaré beams with the TCs p = m + 1 and q = −m in tight focus. In this case, both transverse components of the strength vector of the initial electric field have a topological charge of 1/2, and the beam itself is a cylindrical vector beam of fractional order m + 1/2. Analytical expressions are derived for the components of the strength vectors of the electric and magnetic field at the focus as well as for the intensity distribution, the longitudinal component of the spin angular momentum (SAM), and for the components of the Poynting vector (energy flow density). We show that the intensity at the focus has 2m − 1 local maxima residing evenly in a certain circle radius with the center on the optical axis. We also demonstrate that the radial spin and orbital Hall effects occur at the focus, i.e., the longitudinal SAM component has different signs in the circles of different radii, and the azimuthal component of the transverse Poynting vector also has different signs.
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1. Introduction


Poincaré beams, whose polarization state is related to the polarization Poincaré sphere [1,2,3], are actively studied in optics, starting with works [3,4,5,6]. In a general case, a Poincaré beam is a superposition of two optical vortices with different topological charges (TC) p and q and with orthogonal polarizations. For the optical vortices, the conventional Laguerre–Gaussian beams of different indices [7,8,9] can be chosen, or diffraction-free Bessel beams, or the Bessel–Gaussian beams generated by axicons [10,11,12]. The Poincaré beams can be generated similarly to all the other vector beams, by using liquid-crystal light modulators, half-wave and quarter-wave plates [13,14,15], or by using lasers and q-plates [16], and metasurfaces [12]. In Ref. [17], the polarization singularity index (Poincaré–Hopf index) of the Poincaré beams was studied. In Ref. [18], the optical Hall effect was theoretically discovered in the tight focus of the Poincaré beams. The optical (or photonic) Hall effect is divided into spin [19,20] and orbital [21,22]. Usually, the Hall effect in optics is observed when a light field is reflected from an interface between media [21,22], or when it passes through multilayered media [23], crystals [24,25], or through a metasurface [26]. There are known works investigating the Hall effect in the tight focus of a laser radiance [27,28] or the vicinity of the focal plane [29]. We note that the abovementioned works do not contain theoretically obtained key characteristics of the generalized Poincaré beams in tight focus using the Richards–Wolf formalism [30]: amplitudes of the electric and magnetic vectors, intensity distribution, distributions of components of the Poynting vector, and the spin angular momentum (SAM) vector.



In this work, adopting the Richards–Wolf approach, we obtain analytical expressions, describing key characteristics of the generalized Poincaré beams in a case when the topological charges (TC) of the two optical vortices with left and right circular polarization are equal with respect to p = m + 1 and q = −m. We demonstrate that at the focus of such beams, radial spin and orbital Hall effects take place. We note that in [31], we demonstrated the spin Hall effect for fractional-order cylindrical vector beams at the focus plane. In the current work, at p = m + 1 and q = −m, there is also a cylindrical vector beam with a fractional order of m + 1/2. Therefore, we can expect that there is also the spin Hall effect at the focus of such a generalized Poincaré beam. The work of [31] does not contain analytical expressions for electric field components at the focus of fractional-order cylindrical vector beams. In the current work, we derive such analytical expressions.



In our previous work [32], we have shown that the orbital Hall effect occurs before and after the focus of the conventional vectorial cylindrical beams, which are a special case of Poincaré beams when the optical vortices have the TCs m and −m, and that local areas in the beam cross section, where the transverse energy flow is rotating clockwise or counterclockwise, reside in pairs on a certain circle radius with the center on the optical axis. In this work, energy flows, rotating clockwise or counterclockwise, reside on circles with different radii. Therefore, this orbital Hall effect is called radial.



We note that the Richards–Wolf formalism [30] adequately describes the light field only near the focus. The work of [33] investigates the behavior of light at the focus by using an exact solution of the Helmholtz equation in the spherical coordinates, which is correct in the whole space. However, generating such a light field at the focus requires generating in the initial plane all three components of the electric vector. This is a challenging problem. In our case, only the transverse components of the electric field should be generated in the initial plane, which is easy to implement in practice.




2. Vector Field in the Initial Plane


We consider here the following Jones vector of the initial light field:


     E 1  = a   exp   i p φ      2        1     i     + b   exp   i q φ      2        1     − i     ,      a 2  +  b 2  = 1 ,    



(1)




with (r, φ) being the polar coordinates in the initial plane, and a, and b being complex constants. If p = −n and q = n, the beam from Equation (1) reduces to a conventional Poincaré beam [4,5,6]. If   a = b = 1 /  2   , then the field (1) becomes maximally inseparable [18]:


   E 2  = exp     i ( q + p ) φ  2        cos     q − p  2    φ     sin     q − p  2    φ     .  



(2)







When p = q, the field (1) reduces to a linearly polarized optical vortex with the topological charge (TC) q. When p = −q, the field (1) is a cylindrical vector beam of the order q [34]. When p = −m and q = m + 1, the field (2) is given by


   E 2  = exp     i φ  2        cos   m +  1 2    φ     sin   m +  1 2    φ     =   exp   i ( m + 1 ) φ    2      1     − i     +   exp   − i m φ    2      1     i     .  



(3)







The field (3) is interesting because it is a cylindrical vector beam of a half-integer order. In Ref. [35], the beam (3) is not quite correctly called a vector vortex beam with a fractional topological charge. As was already shown in [31], in the tight focus of the fractional-order cylindrical vector beams, subwavelength areas are generated with elliptic polarization of different handedness, that is, the polarization vector in these areas is rotating clockwise or counterclockwise. We note that the initial light field (3) is linearly polarized at each point of its cross section. Therefore, similarly to [31], it should be expected that the focused field (3) should also contain the areas with elliptic polarization of different handedness. It is also seen from Equation (3) that the initial field is a coaxial superposition of two optical vortices with left and right circular polarization and with different topological charges of m + 1 and –m. Since these topological charges do not compensate for each other, it is reasonable to expect circular energy flow at the focus. This means that at the focus, a nonzero distribution of the axial component of the angular momentum vector should be present. Below, we show that this is indeed so.




3. Components of the Strength Vector of the Electric Field at the Focus


The Richards–Wolf formalism [30] allows access to all components of the strength vector of the electric field at the tight focus of the initial field (3):


     E  2 x   =    i m   2     e  i ( m + 1 ) φ    I  0 , m + 1   +  e  i ( m − 1 ) φ    I  2 , m − 1   − i  e  − i m φ    I  0 , m   − i  e  − i ( m − 2 ) φ    I  2 , m − 2     ,      E  2 y   =    i m   2    − i  e  i ( m + 1 ) φ    I  0 , m + 1   + i  e  i ( m − 1 ) φ    I  2 , m − 1   +  e  − i m φ    I  0 , m   −  e  − i ( m − 2 ) φ    I  2 , m − 2     ,      E  2 z   =  i m    i  e  i m φ    I  1 , m   +  e  − i ( m − 1 ) φ    I  1 , m − 1     ,    



(4)




where


   I  ν , μ   =     4 π f  λ       ∫ 0   θ 0       sin   ν + 1      θ 2      cos   3 − ν      θ 2      cos   1 / 2   ( θ ) A ( θ )  e  i k z cos θ    J μ  ( ξ ) d θ    ,  



(5)




where k = 2π/λ is the wavenumber of light with the wavelength λ, f is the focal length of an aplanatic system (ideal spherical lens), ν = 0, 1, and 2, Jμ(ξ) is the μth-order Bessel function of the first kind, ξ = krsinθ, θ is the polar angle that defines the tilt of the optical axis of rays converging into the focus, θ0 is the maximal angle that defines the numerical aperture of the aplanatic system (NA = sinθ0), (r, φ, z) is the cylindrical coordinate system with the origin at the focus (z = 0 is the focus plane), and A(θ) is the amplitude of the initial circularly symmetric field (real-valued function).




4. Intensity Distribution of the Electric Field at the Focus


From the components of the electric vector (4), we can derive the intensity distribution of the light field at the focus plane (z = 0):


    I =  I ⊥  +  I z  =  I x  +  I y  +  I z      =  1 2  [  (   I  0 , m + 1  2  +  I  2 , m − 2  2  − 2 sin ( ( 2 m − 1 ) φ )  I  0 , m + 1     I  2 , m − 2    )       + (   I  0 , m  2  +  I  2 , m − 1  2  − 2 sin ( ( 2 m − 1 ) φ )  I  0 , m     I  2 , m − 1    )      + 2 (   I  1 , m  2  +  I  1 , m − 1  2  − 2 sin ( ( 2 m − 1 ) φ )  I  1 , m      I  1 , m − 1     ) ] ,     



(6)




where the first two terms in the round brackets describe the transverse intensity    I ⊥  =  I x  +  I y   , whereas the third term in the round brackets describes the longitudinal intensity Iz. As seen from Equation (6), the intensity is a nonnegative function (I ≥ 0) since each term in the round brackets in Equation (6) is nonnegative, for the sum of two squared numbers is equal to or greater than their doubled product. Equation (6) also follows that the intensity distribution contains 2m − 1 local maxima and 2m − 1 local minima (or intensity nulls) that reside on a certain circle radius with the center on the optical axis. Thus, the number of these intensity maxima and nulls is always odd (2m − 1).




5. Longitudinal Component of the Spin Angular Momentum Vector at the Focus


Using the components of the electric field vector at the focus (4), we can derive the longitudinal component of the spin angular momentum (SAM) vector of the field (3), since the longitudinal SAM component Sz is equal to the third Stokes parameters S3, whose magnitude indicates the presence of elliptic or circular polarization in the beam cross section. The SAM vector is defined by the following expression [28]:


   S  =  1  16 π ω   Im     E  *  ×  E    ,  



(7)




with ω being the angular frequency of light. Below, we omit the constant factor 1/(16πω) for brevity. It can be seen from Equation (7) that the longitudinal SAM component (without the constant) coincides with the nonnormalized third component of the Stokes vector:


   S 3  =  S z  = 2 Im    E x *   E y    .  



(8)







Substitution of expressions (4) for the electric field components into Equation (8) yields


     S z  =  1 2  [  (   I  0 , m  2  +  I  2 , m − 1  2  − 2 sin ( ( 2 m − 1 ) φ )  I  0 , m     I  2 , m − 1    )       − (   I  0 , m + 1  2  +  I  2 , m − 2  2  − 2 sin ( ( 2 m − 1 ) φ )  I  0 , m + 1      I  2 , m − 2      ) ] .    



(9)







A comparison of Equations (6) and (9) reveals that if the transverse intensity is a sum of two positive terms A and B, then


     I ⊥  = A + B =  1 2  [  (   I  0 , m + 1  2  +  I  2 , m − 2  2  − 2 sin ( ( 2 m − 1 ) φ )  I  0 , m + 1     I  2 , m − 2    )       + (   I  0 , m  2  +  I  2 , m − 1  2  − 2 sin ( ( 2 m − 1 ) φ )  I  0 , m      I  2 , m − 1      ) ] ,    



(10)




and the longitudinal SAM component is a difference between these terms:


   S z  = B − A .  



(11)







According to Equation (9), similarly to the intensity distribution in Equation (6), the SAM distribution also has 2m − 1 local maxima and 2m − 1 local minima. As seen from Equation (11), if B > A, then Sz > 0 (polarization vector is rotating counterclockwise), and vice versa, if B < A, then Sz < 0 (polarization vector is rotating clockwise). In the areas where B = A (Sz = 0), the polarization is linear. The points in the beam cross section at the focus, where Sz = 0, are called [36] topological spin defects. Thus, it follows from Equations (9) and (11) that there are areas with different spins at the focus: positive (Sz > 0) and negative (Sz < 0). The spatial separation of areas with left circular and right circular polarization is called the spin Hall effect [27,28,29]. In the Simulation section below, these conclusions are confirmed by concrete examples.




6. Energy Flow Density at the Focus


Here we derive the Poynting vector (energy flow density) at the focus of the field (3). To do this, we should first obtain the components of the strength vector of the magnetic field at the focus. In the same way, as we obtained the components of the electric vector (4) by using the Richards–Wolf theory [30], we can also obtain the magnetic vector:


     H  2 x   =    i m   2    i  e  i ( m + 1 ) φ    I  0 , m + 1   + i  e  i ( m − 1 ) φ    I  2 , m − 1   −  e  − i m φ    I  0 , m   −  e  − i ( m − 2 ) φ    I  2 , m − 2     ,      H  2 y   =    i m   2     e  i ( m + 1 ) φ    I  0 , m + 1   −  e  i ( m − 1 ) φ    I  2 , m − 1   − i  e  − i m φ    I  0 , m   + i  e  − i ( m − 2 ) φ    I  2 , m − 2     ,      H  2 z   = −  i m     e  i m φ    I  1 , m   + i  e  − i ( m − 1 ) φ    I  1 , m − 1     .    



(12)







The Poynting vector is defined by the well-known formula [30]:


   P  =    c /    8 π       Re    E  ×   H  *    ,  



(13)




where c is the vacuum speed of light, Re is the real part of a complex number, E × H is the cross product, and * is the complex conjugation. Below, we omit the constant c/(8π) for brevity. Substituting components (4) and (12) into Equation (13), we obtain the components of the Poynting vector at the focus of the field (3):


     P x  = Q ( r ) sin φ ,      P y  = − Q ( r ) cos φ ,      P z  =  1 2     I  0 , m  2  +  I  0 , m + 1  2  −  I  2 , m − 1  2  −  I  2 , m − 2  2    ,     Q ( r ) =  I  1 , m − 1      I  0 , m   +  I  2 , m − 2     −  I  1 , m      I  0 , m + 1   +  I  2 , m − 1     .    



(14)







Passing to the polar components Pr and Pφ of the transverse Poynting vector, we obtain:


     P r  = 0 ,      P φ  = − Q ( r ) .    



(15)







As seen from Equation (14), the longitudinal component of the Poynting vector at the focus has a circularly symmetric distribution and does not depend on the azimuthal angle φ. It is also seen from Equation (14) that if m = 1 or m = 2 then there is a reverse energy flow on the optical axis since for m = 1 or m = 2, we obtain the following on the optical axis:


   P z  ( r = 0 ) = −  1 2   I  2 , 0  2  < 0 .  











Equation (15) indicates that the transverse energy flow at the focus is rotating along a closed trajectory with the center on the optical axis, clockwise if Q(r) > 0, and counterclockwise if Q(r) < 0. Since the function Q(r) is of different signs on different radii r, it can be stated that the radial orbital Hall effect occurs at the focus of the light field (3). This also follows on from the expression for the longitudinal component of the angular momentum vector J of field (3) when it is written by definition using the azimuthal component of the energy flow [28]:


     J  =  r  ×  P  ,      J z  = r  P φ  = − r Q ( r ) .    



(16)







The energy flow at the focus is rotating along a spiral around the optical axis since the topological charges of the two optical vortices, which are present in the superposition in the initial field (3), do not compensate for each other as they have different magnitudes: m + 1 and −m.




7. Simulation


Using the Richards–Wolf formalism [30], we computed the distributions of intensity and the longitudinal component of the SAM vector (spin density) at the tight focus of the light field using the initial distribution given by Equation (3). We supposed that the field amplitude in the initial plane was constant, i.e., A(θ) = 1, wavelength λ = 532 nm, focal length f = 10 μm, and the numerical aperture NA = 0.95. Figure 1 shows the distributions of the longitudinal component of the spin angular momentum Sz (Figure 1a–d) (red and blue colors denote positive and negative values), the intensity I (Figure 1e–h) (black and yellow colors denote zero and maximal values), and the angular component of the Poynting vector Pφ (Figure 1i–l) (red and blue colors denote positive and negative values) of a light beam with polarization (3) of different order m at the tight focus. The beam orders in Figure 1 are m = 1 (Figure 1a,e,i), m = 2 (Figure 1b,f,j), m = 3 (Figure 1c,g,k), and m = 5 (Figure 1d,h,l). The arrows in Figure 1i–l illustrate the directions of the angular energy flow. The scale mark in each figure denotes 1 μm.



As seen in Figure 1 (2nd row), the number of local maxima in the intensity distribution at the focus is consistent with the theory [Equation (6)] and is equal to 2m − 1: 1 (Figure 1e), 3 (Figure 1f), 5 (Figure 1g), and 9 (Figure 1h). It is also seen in Figure 1 (1st row), that, according to Equation (9), the SAM distribution also contains 2m − 1 local maxima (red color in Figure 1a–d), where Sz > 0, which reside on a certain circle with the center on the optical axis. On a circle with a larger radius, (blue color in Figure 1a–d), Sz < 0. The black color in Figure 1a–d denotes the areas with zero spin, i.e., where polarization is linear. Since the brightness of the blue color in Figure 1a–d is 2–3 times lower than that of the red color, elliptic polarization in the areas of positive spin is closer to circular polarization, whereas the polarization ellipses in the areas of negative spin are more elongated and closer to linear polarization. Nevertheless, the spatial separation of the areas with positive and negative spin at the focus demonstrates the spin Hall effect.



Figure 1i–l (3rd row) confirms theoretical predictions [Equation (15)] and demonstrates that the transverse energy flow at the focus plane rotates. On a circle closer to the optical axis (blue color in Figure 1i–l), Pφ < 0, i.e., the transverse energy flow is rotating clockwise. On a larger circle radius (red ring in Figure 1i–l), Pφ > 0, and the energy flow is rotating counterclockwise. The spatial separation of the orbital energy flux in opposite directions is a manifestation of the radial orbital Hall effect at the focus.




8. Discussion of the Results


Here, we compare the transverse components of the electric field in the initial plane (3) and the focus plane (4). Although in the initial plane, the components Ex and Ey of the field (3) have the same phase, and thus the field has inhomogeneous linear polarization, at the focus, the transverse components of field (4) acquire a relative phase delay of π/2 or 3π/2. This leads to the areas with elliptic polarization at the focus. On the other hand, the longitudinal SAM component (7) in the initial plane is equal to zero Sz = 0, while the energy flow (13) has only one longitudinal component, which is equal to the unit: Pz = 1. At the focus plane, the SAM density is given by Equation (9), but if the function Sz is integrated over the whole focus plane, then it is equal to zero. Thus, the full longitudinal SAM component is conserved and equal to zero. The field (3) in the initial plane has a nonzero density of the longitudinal component of the orbital angular momentum (OAM) vector [37]:


   L z  = Im    E x *   ∂  ∂ φ    E x  +  E y *   ∂  ∂ φ    E y    =  1 2  .  



(17)







If the OAM density (17) is integrated over the angle φ from 0 to 2π, then the full OAM in the initial plane is nonzero and equal to half of the initial beam power W/2.



At the focus plane, the longitudinal OAM component can also be obtained:


     L z  = Im    E x *   ∂  ∂ φ    E x  +  E y *   ∂  ∂ φ    E y  +  E z *   ∂  ∂ φ    E z        =  1 2  {    m + 1    I  0 , m + 1  2  − m  I  0 , m  2  + 2 m  I  1 , m  2  +   m − 1    I  2 , m − 1  2  − 2   m − 1    I  1 , m − 1  2       −    m − 2    I  2 , m − 2  2  + [   I  0 , m    I  2 , m − 1   − 3  I  0 , m + 1    I  2 , m − 2   − 2  I  1 , m    I  1 , m − 1    ] sin   2 m − 1   φ  } .    



(18)







According to Equation (18), the OAM density depends on the angle as sin(2m − 1)φ. This means that on a certain circle radius with the center on the optical axis, the OAM has (2m − 1) local maxima and minima, similar to the SAM distribution (9). It can be shown that if the OAM density is integrated over the whole focus plane, then this also yields half of the initial beam power W/2. Thus, in this case, the full SAM and OAM are conserved separately. Therefore, it can be concluded that the spin Hall effect at the focus of the beam (3) arises due to the conservation of the full longitudinal SAM of the beam. Since the longitudinal SAM of the whole beam is zero, the areas with the spin of a different sign should arise in pairs. In the same way, the radial orbital Hall effect at the focus occurs due to the conservation of the full longitudinal OAM of the beam.



Summing the SAM (9) and OAM (18) densities, we obtain:


     L z  +  S z  =  1 2  {  m (   I  0 , m + 1  2  + 2  I  1 , m  2  +  I  2 , m − 1  2   ) − ( m − 1 ) (   I  0 , m  2  + 2  I  1 , m − 1  2  +  I  2 , m − 2  2    )     − sin ( 2 m − 1 ) φ [   I  0 , m     I  2 , m − 1   +  I  0 , m + 1    I  2 , m − 2   + 2  I  1 , m      I  1 , m − 1     ] }    



(19)







The comparison of the density of the longitudinal component of the angular momentum (AM) vector in Equation (16) with the sum of the longitudinal SAM and OAM components in Equation (19) reveals that they are not equal to each other: Jz ≠ Lz + Sz. We considered the reason for this inequality earlier in [37].



In concluding this section, we consider the difference between the Hall effect near the tight focus [18,31,32,37] and the Hall effect which occurs when light is reflected off the interface between two media [22,38]. As was shown in [22], when an optical vortex is reflected from a plane glass surface, the annular intensity distribution becomes inhomogeneous. For the optical vortices with the topological charges m and −m, the intensity maxima on the ring appear in different places, i.e., shifted relative to each other (orbital Hall effect). In Ref. [38], it was shown that when a p-polarized Gaussian beam (polarization vector is in the incidence plane) is reflected from the glass surface under an angle close to the Brewster angle, the spin Hall effect occurs when the reflected light is split into two beams with opposite spins in the direction orthogonal to the incidence plane. In the tight focus [18,31,32,37], spin and orbital Hall effects occur due to the conservation of the full angular momentum. The light with opposite spins and/or with opposite energy rotation at the focus plane is concentrated in different places. A different manifestation of the Hall effect at the focus, as investigated in the different works [18,31,32,37], is explainable since the different types of the initial vector fields were considered. In Ref. [18], the focusing of the conventional Poincaré beams was considered, while [31] dealt with the focusing of fractional-order cylindrical vector beams. In Ref. [32], the Hall effect of the cylindrical vector beams of an integer order arises before and beyond the focus, whereas it is absent at the focus itself. In Ref. [37], the Hall effect was studied at the focus of a circularly polarized optical vortex. In contrast to these works, we here studied the tight focusing of a generalized Poincaré beam, whose topological charge is equal to 1/2 and whose order of inhomogeneous linear polarization is equal to m + 1/2. It is impossible to predict in advance, based on the initial light field, whether or not the Hall effect will arise at the tight focus. Thus, each new type of initial vector beam should be considered separately.




9. Conclusions


Based on the Debye integrals [30], we have investigated both theoretically and numerically generalized (hybrid) Poincaré beams at a tight focus. A generalized Poincaré beam is a coaxial superposition of two optical vortices with left and right circular polarization and with the TC of p and q. For certainty, we studied the case when p = m + 1 and q = −m [Equation (3)]. Simple analytical expressions have been obtained for the components of the electric and magnetic strength vectors at the focus [Equations (4) and (12)], for the intensity distribution [Equation (6)], for the longitudinal component of the spin angular momentum [Equation (9)], and for the components of the Poynting vector [Equation (14)]. It has been shown that the intensity at the focus has 2m − 1 local maxima, residing evenly on a certain circle radius with the center on the optical axis. In addition, radial spin and orbital Hall effects have been demonstrated. This means that the longitudinal SAM component has different signs on circles with different radii in the focal plane, and the azimuthal component of the transverse Poynting vector also has different signs (Figure 1). Such beams can be used for the simultaneous trapping of several micro- or nanoparticles (Figure 1h) into the local intensity maxima that should simultaneously rotate around their centers of mass (Figure 1d) and move along the ring (Figure 1l). In addition, when moving along the ring, the particles will need to overcome the ‘breaks’ in the intensity distribution (Figure 1h).
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Figure 1. Distributions of the longitudinal component of the spin angular momentum (a–d) (red and blue color denote, respectively, positive and negative values), intensity (e–h) (black means zero and yellow means maximum), and the angular component of the Poynting vector (i–l) (red means positive and blue means negative values) of a light beam with polarization (3) and with a different order at the tight focus. Arrows (i–l) denote the directions of the angular energy flow. The scale mark in each figure denotes 1 μm. 
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