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We describe experimental results exposing the possibilities of optical crystals, especially anisotropic and birefringent, for creation, control, and diagnostics of structured light fields with singular and extraordinary properties. The efficiency of birefringent media is demonstrated for purposeful generation of optical beams with phase singularities (optical vortices) and desirable patterns of internal energy flows, in both the mono- and polychromatic light. On the other hand, anisotropic micro-objects can be used as probing bodies for investigation of the peculiar features of internal energy flows and corresponding momentum and angular momentum distributions in structured light fields. In particular, the specific mechanical action of light fields, formed under the total-reflection conditions, has been detected that confirms the existence of “extraordinary” dynamical characteristics of evanescent light waves predicted theoretically: the “transverse” momentum and “vertical” spin and their dependence on the incident beam polarization. The results can be useful for the optical trapping and micromanipulation techniques, including the biomedical and pharmaceutical applications.
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INTRODUCTION
Comprehensive studies of optical fields, especially intensive in recent decades, have enriched our understanding of the internal nature of structured light [1, 2] and discover new possibilities associated with the internal optical energy flows and three-dimensional polarization distribution of light beams. This enabled additional advance in the creation of optical means for trapping and controllable transportation of micro- and nano-objects (optical tweezers and spanners, micromachines, etc. [3–5]) as well as in the implementation of micro- and nano-precision measurements.
In these applications, an important role belongs to the dynamical characteristic of light fields [1, 6] associated with the spatial distributions of their energy density
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and the energy flow density (Poynting vector)
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where E and H are the complex amplitudes of the electric and magnetic vectors [image: image], [image: image] of a monochromatic optical field, ε and μ are the medium permittivity and permeability, c is the light velocity in vacuum, ω is its frequency, and the Gaussian system of units is used. Further dynamical characteristics are the field momentum and angular momentum (AM) densities [1]:
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where R is the spatial radius-vector. In turn, the optical momentum density (Eq. 3) can be written as [1, 6]
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where
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and
[image: image]
represent the orbital (“canonical”) and spin (“virtual”) parts of the total field momentum. Accordingly, due to the relations between p and S (Eq. 2, Eq. 3), the “orbital” and “spin” constituents of the energy flow (Eq. 2) are also defined by the expressions in Eq. 6, Eq. 7. The immediate formal sense of the momentum decomposition (Eqs 5–7) is that [image: image] and [image: image] are the sources of the spin s and orbital L AMs of light, [image: image]. Furthermore, due to the relation [image: image], valid for any spatially confined field, the spin AM density [image: image] and the spin-momentum (SM) density pS (Eq. 7) can be presented in the forms
[image: image]
while the orbital AM expression follows immediately from the definition (Eq. 4), [image: image].
The description, properties, and diagnostics of these characteristics are discussed in a number of works [2, 3, 6–8]. In particular, it has been shown that the orbital and spin AMs of a focused light beam can cause orbital and spinning rotational motions of captured micro- and nano-objects. Depending on the momentum direction and on the sense of internal energy circulation [3, 4, 6, 9], the direction and other parameters of the object’s rotation change.
Of particular interest are optically anisotropic, for example, birefringent objects, for which the mechanical action of circularly polarized light is the most spectacular [9–11] and for which the existence of the AM of light was demonstrated for the first time [12]. The possibilities to capture a micro-object and the character of the field-induced motion depend on the optical properties, internal structure, external shape of the object, its position within the incident beam, and, naturally, beam polarization. For example, the direction of the object rotation is determined by the polarization handedness, while the rotation velocity is proportional to the beam power [10]. The mechanisms of transfer of the internal energy circulation with distributed spin and orbital AMs to birefringent objects have been comprehensively studied [13, 14]. These investigations show how the interaction between an optical beam with AM and an anisotropic object of regular shape can serve to extracting information about both the beam and the object [14]. At the same time, the interaction of light with irregularly shaped optically anisotropic micro-objects is not perfectly clear, although approaches are known that give reliable qualitative estimations for the applied torque and force [13]. This enables obtaining information about the internal structure of the beam, and on the other hand, using an optical beam with an internal AM, it is possible to evaluate the shape and size of such objects.
Linear light-induced motion of particles is determined by the field momentum (Eq. 3), (Eq. 5) [6, 15] whose orbital (Eq. 6) and spin (Eq. 7) parts differently act on material objects [16]. The orbital-momentum action can be associated with the usual optical pressure [17], while the SM “motivates” particles in a more complicated manner (e.g., non-collinearly with the momentum direction [16]). The very existence of the SM-induced mechanical action was largely questionable until it has been explicitly demonstrated in experiments with spatially inhomogeneous circularly polarized beams [18, 19].
The polarization-dependent SM is also typical for the evanescent waves [8, 20]. In case when the evanescent wave is formed in the process of total internal reflection from the prism surface, the SM direction is determined by input beam polarization. The experimental observation of this “extraordinary” SM [8] in evanescent waves requires a more exquisite technique [21] than that was used in the case of paraxial beams [18, 19], but it has also been demonstrated with the help of anisotropic birefringent objects [22, 23]. The unique peculiarity of these demonstrations was the micro-object’s motion in a direction different from the Poynting-vector direction.
Simultaneously, optical crystals with birefringence not only are able to react on structured light but also have a great potential in the generation of complex light fields with desirable patterns of internal dynamical characteristics (Eqs 1–8). In this work, the experimental results are presented that demonstrate capabilities of optically anisotropic crystals in the light structures’ formation and testing, and their possible applications are discussed.
CREATION OF STRUCTURED OPTICAL FIELDS WITH THE USE OF BIAXIAL CRYSTALS
Biaxial crystals are one of the most promising elements for creating singularities of different types and properties. The use of these crystals for the formation of optical fields with singularities is possible in both monochromatic [24–26] and polychromatic fields. Singularities in polychromatic fields can be employed to implement polychromatic optical traps, whose spatial structure can be tested with high sensitivity and resolution due to the interference approaches.
In one of the previous works [27], we proposed the film of polyethylene terephthalate (PETP) having the properties of a biaxial crystal (thickness 74 μm, difference of refraction indices 0.085) as an anisotropic phase element providing a large phase variance. It was used for producing and identification of optical singularities in white light (Figure 1).
[image: Figure 1]FIGURE 1 | Experimental arrangement for generation of white-light optical vortices: (S) white-light source; (C) condenser; (D) diaphragm; (O1, O2, O3, O4, and O5) objective lenses; (P1 and P2) polarizer and analyzer; (BS1 and BS2) beam-splitting cubes; (M1 and M2) mirrors; (BC) singularity-generating object; (CP) compensating plate; (RF) Fresnel rhombus; (W1 and W2) moving and stationary optical wedges; (CCD) camera.
The object is placed in the converging beam between the objectives O2 and O3. To facilitate identical chromatic and aberration conditions in the legs of an interferometer, the objectives O4 and O5, which are identical to the objectives O2 and O3, and the compensating plate CP in between are placed in the second leg of the interferometer. The Fresnel rhombus RF, providing circular polarization for all spectral components of white light, is placed in the second leg. To geometrically compensate the beam displacements inside the Fresnel rhombus, two optical wedges W1 and W2 forming a plane-parallel plate are inserted in the other arm. The shift of the wedge W1 along its hypotenuse enables control of the plate thickness and, as a consequence, of the optical path difference in the legs of the interferometer. The interferometer output is followed by an analyzer P2 and a CCD camera. The objectives O3 and O5 can synchronically be moved along the direction of propagation of the beams providing equal convergence. The angle of interference in the interferometer is controlled by transverse displacement of the objective O5.
Results of the interference diagnostics of the white-light singularities obtained with the help of a biaxial crystal are presented in Figure 2. In Figure 2A, the singularities look as the suspected amplitude zeros, but one cannot be confident that these are not just the intensity minima. As is known [28], a genuine optical-vortex singularity is characterized by the helical phase distribution (phase dislocation) which can be revealed through interference with a non-singular light beam. Figure 2B shows that this approach, widely used for monochromatic light, is equally valid for polychromatic fields.
[image: Figure 2]FIGURE 2 | Singularities obtained in a white-light beam after passing a biaxial crystal placed between the matched polarizer P1 and the analyzer P2 (see Figure 1): (A) without reference wave; (B) with a reference wave [27]. The topological charges are indicated of the two singularities with exact locations marked by asterisks.
It illustrates the detection of singularities obtained when a white-light beam propagates along either of the two optical axes of a biaxial crystal placed between the matched polarizer P1 and analyzer P2 (Figure 1). The zeros of amplitude are detected by the “forks” in the interference pattern, cf. Figures 2A,B. In the case of a white-light vortex [27], the interference forks are achromatic, but the amplitude zeros for all spectral components coincide in localization. The shape and orientation of the forks enables determining the singularity characteristics: the phase-dislocation charge and its sign [28] (±1 in Figure 2).
The results in [27] testify that the biaxial crystals can generate optical fields with a rich singular structure which is generally associated with the rich and flexible pattern of internal energy flows (Eqs 3–7) [6]. This possibility, revealed and substantiated in experiments, has inspired further research aiming at the purposeful creation of the momentum and energy flow distributions, favorable for particle manipulation, in the monochromatic light [29].
For example, in the arrangement of Figure 3, the slightly convergent (conical) light beam with prescribed linear polarization is used, which, after passing the optically anisotropic plate (7), forms the complex structured light field with spatially inhomogeneous distributions of the amplitude, phase, and polarization. In this scheme, the dichroic cube (12) fully reflects the laser beam, and the 40× microlens (13) focuses it onto the sample plane (14) containing, e.g., the investigated particles in the immersion fluid. In white light, the sample can be observed with the illuminator (15–16) and the ССD camera (18). A small part of the laser beam power (∼0.2%) is reflected from the glass substrate and also impinges the ССD camera, connected to the PC (19), which enables observing the structure formed in the laser beam. Additionally, the PC performs control of the 3D drives regulating positions of the calcite wedges (10) and the biaxial plate (7). The wedges (10) and the polarizer (11) form a polarization shear interferometer enabling efficient control of the output beam structure even in white light, due to the calcite plate (9), which compensates for the path difference between the orthogonally polarized components.
[image: Figure 3]FIGURE 3 | Optical arrangement of tweezers based on a birefringent crystal: (1) laser; (2) quarter-wave plate; (3, 11) polarizers; (4) beam expander with spatial filtering; (5) mirror; (6, 8, 13, and 17) micro-objectives; (7) biaxial crystal with a 3D rotating drive; (9) calcite plate; (10) calcite wedges with 2D shifting of one wedge; (12) beam-splitting dichroic cube; (14) sample; (15) white-light source for illumination; (16) condenser lenses; (18) CCD camera; (19) PC.
In such fields, in addition to classical phase singularities [1, 2, 6, 28], one can detect a set of polarization singularities [1] with accompanying internal energy flows enabling efficient control and manipulation of the trapped objects (see Figure 4). In particular,
a) the intensity minima (maxima) naturally form transverse optical traps for absorptive (dielectric) particles due to the gradient optical forces [15, 16];
b) phase singularities localized at the amplitude zeros (Figure 4A) are coupled with the vortex-like orbital flows (Eq. 6) [1, 6, 28], which can cause orbital or spinning rotation of trapped particles;
c) both the orbital momentum (Eq. 6) and the SM (Eq. 7) are able to induce the directional motion of particles within the transverse plane XY (Figures 4A,B); 
d) the spin AM density (Eq. 8) (Figure 4B) can induce the controllable rotational (spinning) motion depending on its position within the beam cross section.
[image: Figure 4]FIGURE 4 | Field distributions at the biaxial crystal output in the vicinity of the optical axis O (both optical axes lie in the plane XZ so that x = 0 corresponds to the middle direction between the axes); the input beam polarization makes an angle 45° with the axis X: (A) intensity distribution after the output X-oriented polarizer (background) and the transverse orbital flow (Eq. 6) component of the X-polarized component (black arrows); (B) spin density (Eq. 8) of the total output field (background), spin flow (Eq. 7) map (cyan arrows), and polarization distribution (gray ellipses) [29].
The optical field structure formed after passing the crystal depends on the incident beam polarization determined by the input polarizer (3) and can be adjusted by the output polarizer (11), which enables suitable ways for field regulation and for precise spatial localization of the trapped particles. Figure 4 shows examples of the field structures obtained in the arrangement of Figure 3 for different conditions. Eigen refractive indices of the biaxial crystal (7, see Figure 3) are nx = 1.54, ny = 1.57, and nz = 1.64; the crystal thickness (length in the z-direction) equals 74 μm. The dimensionless coordinates X and Y are associated with the stereographic projection of the spherical angular frame (θ, ϕ) [31] centered at the common focal point of lenses 6 and 8 (Figure 3): [image: image] and [image: image], so that the “genuine” coordinates in the beam cross section at the output plane of the analyzer (11) can be found as
[image: image]
Here, f is the focal distance of lens 8 in Figure 3.
Figure 5 demonstrates transformations of the output field containing a set of optical traps (amplitude zeros) and corresponding possibilities for spatial manipulation of the particles trapped. The images (Figures 5A–H) show consecutive beam patterns realized during the translation of one of the wedges (10) across the propagation axis (see Figure 3). One can see the convergence of the traps up to their merging (Figures 5A–E), and subsequent divergence of them (Figures 5F–H). In this process, additional traps (intensity minima) can be obtained (Figures 5D–G), providing additional possibilities for purposeful guiding and arrangement of the particles trapped.
[image: Figure 5]FIGURE 5 | Illustration of the different sorts of optical traps created by means of the birefringent crystal and their transformations in the arrangement of Figure 3 [29]. Images (a–h) represent the field patterns realized by proper adjustment of the optical system (explanations in the text).
The data presented testify that observations of the mechanical motions of particles trapped in complex structured fields can give valuable information on the field properties and, especially, on the distribution of internal energy flows [6, 9, 10, 30]. On the other hand, micro- and nano-objects with various optical properties (refractive index, external shape, and internal structure) differently react on the ponderomotive factors of the light field. This fact is favorable for detection and analysis of various microscopic objects, even at ultra-small concentrations, up to solitary examples of some active species.
INVESTIGATIONS OF OPTICAL SURFACE PHENOMENA AND EVANESCENT FIELDS
Evanescent optical waves represent a special sort of structured light fields with exclusive “extraordinary” properties [8, 20]. Such fields usually appear in the process of total reflection when an incident plane wave approaches the boundary between two media with different optical constants (Figure 6). If the condition [image: image] is realized, where n1 and n are the refractive indices of the lower 1 and upper 2 media and θ1 is the angle of incidence (Figure 6), the reflected wave has the same intensity as the incident one, and an exponentially decaying evanescent wave is formed in medium 2 [20]. The field pattern is essentially determined by the anisotropy of the reflection and transmission coefficients described by the reflection and transmission tensors given as follows:
[image: image]
where the subscripts “||” and “⊥” denote the polarization parallel (p-) and orthogonal (s-) to the plane of incidence (Figure 6). The three coordinate frames are introduced in Figure 6 associated with the incident (x1, y, z1), reflected (xr, y, zr), and transmitted (x, y, z) beams; the reflecting boundary lies in the plane z = 0, all three origins coincide, and the axis y, normal to the plane of incidence, is the same for all frames. Let the incident wave electric vector equal
[image: image]
its state of polarization is characterized by the complex parameter [image: image] and by the associated Stokes parameters given as follows:
[image: image]
(τ = ±1 means s- or p-polarization, χ = ±1 means ±45°-polarization, and σ = ±1 means right/left circular polarization). The evanescent wave characteristics in medium 2 are determined by the elements of tensor [image: image] (Eq. 9): [image: image], where
[image: image]
Likewise, the field in medium 1 is determined by the reflection tensor [image: image], [image: image]. In the case of total reflection, both reflection coefficients obey the equations |R||| = 1, |R⊥| = 1 (which stipulates vanishing “vertical” z-components of the momentum and energy flow densities), but the difference in phases of R||, R⊥ causes the rich and complicated field pattern inside the optically dense medium 1. Together with the peculiar values of the transmission coefficients (Eq. 9) and the spatial inhomogeneity of the evanescent field, this leads to the specific dynamical properties of the electromagnetic field on both sides of the boundary z = 0 [32, 33]. In particular, in addition to the “natural” x-directed components
[image: image]
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the field energy flow and momentum (Eq. 3) acquire the “extraordinary” transverse contributions associated with the SM (Eq. 7):
[image: image]
[image: image]
where ε1 and ε are the permittivities of media 1 and 2, [image: image], and
[image: image]
is the incident wave intensity. Similarly, in the system of Figure 6, the spin density (Eq. 8) also possesses the unusual “transverse” (y-) and “vertical” (z-) components [32, 33]:
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Equations (Eqs 14, 15) determine the transverse force acting on a small dipolar particle [8, 16], and Eqs. 19–22 determine the extraordinary torques. Note that the total vertical electromagnetic spin (Eq. 22) of the evanescent wave vanishes, but it consists of the non-zero “electric” [image: image] and “magnetic” [image: image] contributions that act differently on material objects. The “normal” non-magnetic particles are selectively sensitive to the electric spin, which can cause their controllable rotation in the plane parallel to the prism surface z = 0. Additionally, Eqs. 14, 15, 21, 22 testify that the transverse momentum and the vertical spin appear not only due to the circular polarization of the incident wave [σ ≠ 0, see Eq. 10] but also (and in some cases more efficiently) due to the linear 45°-polarization (χ ≠ 0), see Figure 7.
[image: Figure 6]FIGURE 6 | Illustration of the evanescent wave formation (explanations in the text).
[image: Figure 7]FIGURE 7 | Normalized radiation torque Q components vs the particle size parameter, ka, calculated for the gold particle situated on the surface of the glass prism (n1 = 1.75) in water at λ = 650 nm when the incident wave with λ = 650 nm approaches the surface at an angle θ1 = 51°: longitudinal x-component, circular polarization (cyan curves, left scale); transverse y-component, circular polarization (black curve, left scale); vertical z-torque, circular polarization (red curves, right scale); vertical z-torque, 45°-polarization (green curves, right scale).
The detailed picture of the optical forces and torques experienced by a Mie particle in the evanescent wave has been discussed in Ref. [32]; here, we are restricted to the field-induced torque and its dependence on the incident beam polarization parameters (Eq. 10). For numerical evaluations, we assume [34] that a spherical particle of radius [image: image] lies on the totally reflecting surface, medium 1 is non-magnetic (flint glass) with n1 = 1.75, and medium 2 is water (n = 1.33). The particle refractive index is np = 0.43 + 3.52i (gold particle at the vacuum wavelength λ = 650 nm [35]), and the angle of incidence amounts to θ1 = 51°. The calculated torque values are normalized via dividing by
[image: image]
which is proportional to the time-average momentum flux through the area a2 within the field of the incident plane wave (see Figure 6) approaching the interface.
The results of the torque calculations are presented in Figure 7. Despite the complicated dependence on the particle size associated with the intrinsic plasmon resonances in the particle, they remarkably confirm the general features of the polarization dependence predicted by the spin equations (Eqs. 18, 20, 22). It is noteworthy that the torques Qx and Qz change the sign when switching the polarization handedness (σ = ±1) or the direction of polarization-plane 45°-inclination (χ = ±1), in full agreement with the sx and sz expressions (Eq. 18) and (Eq. 22), whereas Qy remains the same—according to Eqs. 19, 20, the corresponding ponderomotive factor sy depends solely on the “x–y” polarization parameter τ (Eq. 10).
In view of the fundamental interest to the evanescent field mechanical action, many efforts have been directed to the experimental confirmation of the forces and torques predicted by Eqs. 12–22 [21, 36]. However, reliable quantification of the spinning motion of spherical particles in the evanescent wave, where the particle center is not fixed in the horizontal plane, is a difficult task [37], and for this reason, another way for the vertical spin detection has been proposed. Instead of the Mie particles, it uses the crystalline microplate as a probing body [22].
In this scheme (see Figure 8), the 200 × 200 × 9 μm3 PETP plate 4 is floating over the water layer, and the incident beam parameters are adjusted such that the incident wave experiences the total reflection at the upper surface of plate 4 and approaches it being linearly polarized at 45° (in Eq. 10, τ = σ = 0, |χ| = 1). The incident beam is formed by the IR laser radiation (wavelength 980 nm) focused into a focal spot of size ∼50 × 50 μm2 (see Figure 9). As a result, an evanescent wave is formed in air above the plate, and the electromagnetic momentum and spin on both sides of the upper plate surface can be described by Eqs. 12–22. Especially the vertical spin momentum sz with the homogeneous density (Eq. 21) is generated inside the plate.
[image: Figure 8]FIGURE 8 | Experimental arrangement for the vertical spin detection: (1) glass cut rectangular prism (refraction index equals 1.52); (2) 2-mm-height ring cuvette; (3) water layer; (4) crystalline plate; (5) white-light illuminating source; (6) CCD camera.
[image: Figure 9]FIGURE 9 | Rotation and rectilinear motion of plate 4 (see Figure 8) induced by a 1 W-power incident laser beam impinging the plate at an angle of 58°. The bright spot is the “trace” of the incident beam impinging the plate.
Since the incident light field carries no AM before it enters plate 4, the AM conservation requires that the plate itself experiences the “recoil” mechanical AM inducing the plate rotation around a vertical axis. This rotation, observed in the experiment (see Figure 9), qualitatively confirms the existence of the spin AM (Eq. 21) inside the plate, which, although indirectly, testifies for the vertical spin (Eq. 22) in the evanescent wave. Note that this ideology is close to the idea of the first experimental demonstration of the electromagnetic AM [12]: the main difference is that the optical anisotropy, necessary for the AM transformation inside a crystalline medium in [12], is now supplied by the oblique incidence of the input light beam, and the light back-propagation is realized via the total-reflection mechanism rather than due to a special reflecting mirror.
In this scheme, the result is rather sensitive to the angle of incidence θ1 at which the input beam approaches the plate bottom surface (see Figures 6, 8). Experimentally, the best results were obtained when θ1 = 58°, and the effect rapidly vanished with any deviation from this value. This can be explained by the reasoning that, for lower θ1, the reflection from the upper face is not total and phases of the reflection coefficients R|| and R⊥ are close to each other, which leads to a decrease of the vertical spin density (Eq. 21) inside the plate; on the contrary, with growing θ1 > 58°, the reflection at the bottom face grows and the light penetration into the plate decreases.
Figure 9 shows a series of consecutive plate positions registered by the CCD camera (6) of Figure 8 [22] (time elapsed after the laser power is turned on is indicated in each image). It shows not only rotation but also a translation so that the plate moves along the vector v different from the longitudinal x-direction. The translational component of the plate motion can be ascribed to the longitudinal (Eq. 12), (Eq. 13) and transverse (Eq. 14), (Eq. 15) momentum components which are also “felt” by the plate. With the translation, the plate’s rotation rate decreases because the bright spot “shifts” from the plate center, and the plate’s moment of inertia with respect to the beam axis grows, while the external torque remains the same or decreases (e.g., when the spot approaches the plate edge and a part of the incident power omits the plate, see the bottom right image of Figure 9).
Spectacular illustrations of the light-induced plate motions in the arrangement of Figure 8 are provided by the three video files presented in the Supplementary Material. In all cases, the incident beam approaches the total-reflection surface at an angle 58°, and the plane of incidence coincides with the coordinate plane (x, z) (the evanescent wave propagates in the x-direction, i.e., along the horizontal axis to the right). Supplementary Video 1 demonstrates additional details of the behavior presented in Figure 9 where the incident beam polarization corresponds to χ = +1 (45°-polarization), whereas Supplementary Video 2 describes the situation of χ = –1 (–45°-polarization). Importantly, the directions of rotation and transverse displacements invert after changing the sign of χ, while the x-directed translation remains the same (cf. Eq. 12, Eq. 14, Eq. 21). On the contrary, in the case of the x-polarized incident beam (σ = χ = 0, Supplementary Video 3), there is no rotation, nor transverse displacement but only the rectilinear horizontal motion, in full agreement with Eqs. 12–15 and Eq. 21, Eq. 22 (a weak rotation observed at the beginning of the motion is explained by uncompensated torques from the optical and hydrodynamic forces).
Additional observations were carried out with the circularly polarized incident beam (τ = χ = 0, σ = ±1) which have shown qualitatively similar results with quantitative differences stipulated by the specific values of R⊥ and R|| in Eq. 21. The birefringent properties of the PETP plate contribute to increasing the rotation velocity (and thus the vertical spin sensitivity), as compared to other materials. The decisive role of the total-reflection–associated spin and momentum in the observed phenomena is confirmed by experiments with non-transparent materials, e.g., the plate of 7 μm-thickness aluminum foil neither rotated nor moved rectilinearly in the same optical arrangement even for doubled beam intensity (2 W).
CONCLUSION
In this paper, the special role of optical crystals in the creation and control of structured light is analyzed. In particular, it has been experimentally demonstrated that biaxial crystals are capable of generating multifunctional optical traps with a full set of singularity-forming elements in both polychromatic and monochromatic light. The traps’ parameters are readily controllable and can be adjusted with high precision to perform the particles’ capture, translation, rotation, and delivering in a predictable and convenient way.
Another branch of promising application of optical crystals is based on their specific response to the structured-light influences, which causes their exclusive role as sensitive probing bodies. Their physical and mechanical reactions “bring to light” the “hidden” but important dynamical properties of light fields. Especially, the birefringent crystals and crystal-like structures can be used for manifestation of the near-interface transformations of the electromagnetic momentum and spin, accompanying the total-reflection phenomena. In this context, the motion of floating crystalline microplates enables detection of “extraordinary” transverse momentum and vertical spin inherent in the fields formed on both sides of the totally reflecting interface.
Applied aspects of the research reported in this paper are associated with additional possibilities for optical manipulation, especially in biological and medical applications because many bio-tissues are characterized by the remarkable optical anisotropy [23]. Besides, the highly adaptive and flexible optical traps can be used for controllable delivering and distribution of biologically active species at the cellular and sub-cellular scales. For example, controllable creation and manipulation of micro-bubbles [38], generated in a biological environment, can realize unique mechanical and physico-chemical functions. The collapse of a bubble mechanically affects the surrounding volume, which can be used for desirable agent delivering to special cells in cell surgery and, if necessary, for cell destruction and transfection [39–41]. The ability of bubbles to scatter light makes them suitable micro-objects for imaging cells and tissues.
Such possibilities can be helpful for optical studies of the human coronaviruses [42], including the kind SARS-CoV-2, such topical at present. The coronavirus macromolecules are of spherical shape of 100–140 nm in diameter, with an outer envelope bearing 20 nm-long club-shaped spike proteins [43]; in the visible wavelength range, their refractive index is 1.06, and they are optically anisotropic (the scattering indicatrix is polarization-dependent) [43]. Recent studies related to coronavirus identification in the blood have shown the possibility of various approaches to their investigation [44–46], among which the optical methods can be distinguished, including the fluorescence-based methods, employment of surface plasmons, plasmon-enhanced fluorescence, surface-enhancing Raman scattering, colorimetric biosensor methods [44, 45], and approaches of fiber optics in the nanophotonic framework [46]. Such optical approaches enable detection of the immunoglobulin M and G antibodies or the SARS-CoV-2 molecules themselves.
One of the drawbacks of known methods is insufficient speed of virus detection in the blood with simultaneous assessment of the concentration of immunoglobulin or of the virus molecules themselves. In this context, employment of the structured light fields, described in this work, can be rather promising. The complex influence of light, including inhomogeneities of the intensity, phase, and polarization, performs selective actions on molecules of certain size and optical properties, inducing their purposeful displacements and rotations. Possibilities to analyze the number of trapped molecules simultaneously, as well as the parameters of their photo-induced motions, can supply effective criteria of their presence, concentration, and physical and biological nature.
In conclusion, the complex optical traps, tweezers, and spanners, based on biaxial crystals, as well as allowance for the trapped objects’ anisotropy, open up attractive prospects for biomedicine and engineering. The accompanying possibilities for external control of optical flows and the AM distributions, whenever it is necessary to deal with the smallest amount of a substance, are of vital importance in problems of pharmacology, microbiology, nanophysics, and nanotechnology.
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