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Spin-orbit interaction (SOI) due to the tight focusing of light in optical tweezers has led to exciting and
exotic avenues towards inducing rotation in microscopic particles. However, instances where the back action
of the particles influences and modifies SOI effects so as to induce rotational motion are rarely known. Here
we tightly focus a vector beam having radial/azimuthal polarization carrying no intrinsic angular momentum
into a refractive index stratified medium and observe the orbital rotation of birefringent particles around the
beam propagation axis. In order to validate our experimental findings, we perform numerical simulations of
the governing equations. Our simulations reveal that the interaction of light with a birefringent particle gives
rise to inhomogeneous spin currents near the focus, resulting in a finite spin momentum. This spin momentum
combines with the canonical momentum to finally generate an origin-dependent orbital angular momentum,
which is manifested in the rotation of the birefringent particles around the beam axis. Our study describes a
unique modulation of the SOI of light due to its interaction with anisotropic particles that can open up new
avenues for exotic and complex particle manipulation in optical tweezers.
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I. INTRODUCTION

Optical tweezers have facilitated both spin (about an axis
fixed to the particle) [1,2] and orbital rotation (about the axis
of the trapping laser beam) of trapped single or multiple parti-
cles [3]. While the spinning motion around the particle axes is
due to exchange of the longitudinal or transverse spin angular
momentum (Sz or S⊥) of the beam with birefringent parti-
cles [1,2,4], the orbital motion is principally caused by tight
focusing of Laguerre-Gauss (LG) or Bessel-Gauss beams car-
rying intrinsic OAM [5–7]. In addition, over the past couple
of decades, researchers have revealed various exotic effects of
the spin-orbit interaction (SOI) of light in scattering, imaging,
and beam propagation through anisotropic media, as well as in
the tight focusing of light [8–13]. Notably, manifestations of
SOI, including orbital motion, have been observed by tightly
focusing a spin-polarized (with positive or negative helicity)
Gaussian beam through an RI-stratified medium to generate
significant transverse momentum. This momentum even bears
the signatures of the elusive Belinfante spin [14,15].

It is important to note that particles trapped using tweezers
scatter a significant amount of light in the longitudinal direc-
tion (in both the backward and forward scattering directions),
which has been mainly used to characterize the trap stiffness
rather efficaciously [16,17]. The scattered light also leads to
intriguing effects such as optical binding, which has been
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shown to generate both attractive and repulsive interparticle
forces that have been well studied and has been utilized
for trapping of multiple particles [18]. However, to the best
of our knowledge, the effects of light-matter interactions in
modulating the SOI of light so as to produce dynamics in
trapped particles has not been reported previously. Indeed,
in terms of both conceptual understanding and practical appli-
cations, such studies are of particular importance in the case of
trapped birefringent particles. This follows because scattering
of tightly focused light from anisotropic birefringent parti-
cles may significantly modify the local field and polarization
distributions of the incident light. In most of the previously
reported studies on SOI of light due to tight focusing in op-
tical tweezers, the role of the modified field and polarization
distribution of the scattered light from trapped particles have
been mostly ignored. Yet this secondary effect is expected to
alter the inhomogeneous polarization distribution, which is at
the heart of the effects produced by SOI, and is thus expected
to render them more intricate and intriguing [8,19]. Here the
choice of the state of polarization of the input light would
play a crucial role too. Specifically, the choice of an inhomo-
geneously polarized (radial/azimuthal polarization) incident
light beam is likely to accentuate the observed SOI effects
even further as compared to input homogeneously polarized
light.

This is indeed our focus of research in this paper. Thus, we
employ structured vector beams as the input into an optical
tweezers system. Since tight focusing inevitably generates
a significant longitudinal field component, our expectation
is that this would be likely to result in unexpected effects
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in the case of vector beams [1,20–22]. The vector beams
we employ are first-order radially and azimuthally polarized,
characterized by an intensity singularity on the beam axis,
inhomogeneous polarization distribution, and unique prop-
erties of cylindrical symmetry in their polarization [7,23–
26]. These properties allow them to maintain their polar-
ization, which may then be controllably modified to control
trap strength and geometry in optical tweezers by adjusting
only the polarization of the trapping beam [26]. Such beams
also undergo low-intensity losses under nonparaxial condi-
tions [27,28]. Additionally, when tightly focused, radially and
azimuthally polarized beams achieve a smaller and sharper
focal spot size and reduced axial spread, respectively [28,29],
making them ideal for high-precision and efficient applica-
tions such as optical trapping, microscopy, and laser material
processing [7,30]. Understandably, the consequences of tight
focusing of such beams on birefringent microparticles de-
serve attention [4,31,32]. Additionally, in our case, the tightly
focused beam also propagates through a stratified refractive
index (RI) medium before entering the trapping region in-
side our sample chamber [33]. The influence of the stratified
medium is actually crucial in determining the interaction of
the light beam with the particles and influencing their dy-
namics, as we had observed earlier in Refs. [15,33]. In the
present scenario, for input of radially or azimuthally polarized
light, the canonical momentum and the spin momentum (SM)
together generate a substantial origin-dependent (extrinsic)
OAM of light, which we exploit to rotate trapped birefringent
particles in the transverse plane around the beam axis [34,35].
The exclusive signature of the spin momentum was appar-
ent from the orbital motion readily induced in birefringent
particles, while polystyrene microspheres (nonbirefringent) of
the same diameter remained unaffected. The spin momentum
appears here due to the generation of local spin currents
(regions of elliptical polarization) around the beam axis as
a consequence of the interaction of the inhomogeneous input
polarization (having no input ellipticity) at the trap focal plane
with the birefringent particles having a high value of linear
retardance (phase anisotropy effect). We explain all observed
experimental effects by carrying out rigorous numerical simu-
lations of the equations governing our system for different RI
values of the stratified medium that the tightly focused beam
encounters. Our work provides an experimentally viable strat-
egy for engineering optical traps with controlled and specific
orbital motion of trapped particles by SOI effects generated by
tight focusing alone, without the need for complex algorithms
involving adaptive optics. In what follows, we first describe
our experiments and observations.

II. EXPERIMENTAL RESULTS

The schematic and details of our optical tweezers setup
are provided in Appendix C (see Fig. 7 there). Thus, we use
a conventional optical tweezers configuration consisting of
an inverted microscope (Carl Zeiss Axioert.A1) with an oil-
immersion 100× objective (Zeiss, NA 1.4) and a solid-state
laser (Lasever, 671 nm, 350 mW) coupled to the back port of
the microscope. We use a vortex half-wave retarder (q-plate)
of zero order for generating structured vector beams (i.e.,
first-order radially and azimuthally polarized vector beams).

We fix the fast axis orientation of the vortex plate (q = 1
2 ) in

such a way that it converts linear x-polarized and y-polarized
light into azimuthally and radially polarized light, respec-
tively [8,36]. For the probe particles, we first fabricate the
RM257 particles, which are optically anisotropic and bire-
fringent. The dielectric constants ε|| and ε⊥ are related to the
ordinary and extraordinary refractive indices n|| and n⊥ of
the birefringent particle through the relationships n2

|| = ε|| and
n2

⊥ = ε⊥. In the case of RM257 birefringent particles, there
is an approximate difference of 0.13 between the ordinary
and extraordinary refractive indices [37]. Detailed informa-
tion on the fabrication procedures is available in Appendix C.
Subsequently, we quantify the linear retardance (δ) of the
RM257 particles by analyzing the Mueller matrix. This mea-
sured value provides valuable insights into the OAM transfer
dynamics, allowing us to comprehensively probe the influence
of OAM in the experimental setup. We then couple the radi-
ally (azimuthally) polarized vector beam into the microscope
so that it is tightly focused into the stratified medium (the
arrangement and details of the stratified medium are given
in Sec. V). The cover slip and the glass slide sandwiched
together comprise the sample chamber into which we add
approximately 20 µl of the aqueous dispersion of the RM257
particles. The mean size of these particles is 1–3 µm with a
standard deviation of 20%. We collect the forward-transmitted
light from the microscope lamp, as well as back-reflected
light from the RM257 particles, to characterize the orbital
motion. The OAM transfer to particles trapped at the trap
center is optimized by varying the z focus of the microscope
objective.

The experimental results are shown in Figs. 1(a) and 1(b).
We probe the effect of total OAM by trapping birefringent
RM257 particles using radially and azimuthally polarized
vector beams. In Fig. 1(a), we observe that a single large
particle (size around 2 µm) is trapped at the beam center,
while another smaller particle (size around 1.5 µm) is rotating
in the clockwise direction in the annular ring in time lapsed
images (see video 1 in the Supplemental Material [38]). In
the case of azimuthally polarized light, RM257 particles are
not trapped at the center of the beam because the longitudinal
component of the electric field is zero, so we observe single
particles, as well as clusters, rotating clockwise around the
beam center (see video 2 in the Supplemental Material [38]).
The yellow arrow in the time-lapsed images in Fig. 1(b) shows
the position of the orbiting particle in the annular intensity
ring. Thus, these experiments clearly demonstrate that tight
focusing of radially and azimuthally polarized light generates
OAM that helps in rotating the particles about the beam prop-
agation axis, even though the beam does not contain any spin
angular momentum (SAM) and intrinsic OAM. In addition,
as we increase the laser power, we notice a corresponding rise
in the rotation speed of the particles. This is expected, since
higher input beam intensity leads to increased magnitudes of
both the electric and magnetic fields.

III. ELLIPTICITY GENERATION

It is important to note that the first-order radially
and azimuthally polarized vector beams inherently do not
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FIG. 1. Time-lapsed frames from video recordings (videos 1 and
2 in the Supplemental Material [38]) depict the rotation of particles
induced by a tightly focused radially (azimuthally) polarized vector
beam. (a) The trajectory of an RM257 birefringent particle rotating
around another trapped particle at the center of the beam is marked
by red circles, even though the two particles are at slightly different
axial depths. (b) The red circle shows the orbit of rotation of similar
particles at 2 µm away from the focus of the azimuthally polarized
vector beam, and the yellow arrow shows the position of the orbiting
particle in the red circle. It is important to note that there is zero
intensity (Ez = 0) at the center of the beam. As a result, particles
orbit solely in the annular intensity ring.

possess any SAM and OAM. However, when interacting with
birefringent RM257 particles within a tightly focused beam
in the stratified medium, ellipticity is induced in the output
beam. To quantify this induced ellipticity, we analyze the
Mueller matrix of an RM257 particle, which reveals its bire-
fringence characteristics, as depicted in Fig. 8 in Appendix C.
Figure 2(a) illustrates the spatial variation of the linear re-
tardance (δ) of the RM257 particles. The standard Jones
calculations of focused radially and azimuthally polarized
vector beams on the birefringent RM257 particle are given

as (
1 0
0 eiδ

)(−iI11 cos φ

−iI11 sin φ

)
=

(−iI11 cos φ

−iI11eiδ sin φ

)
Rad

, (1)

(
1 0
0 eiδ

)(
iI12 sin φ

−iI12 cos φ

)
=

(+iI12 sin φ

−iI12eiδ cos φ,

)
Azi

, (2)

where δ is the linear retardance of the RM257 particles;
Eqs. (1) and (2) are the resultant Jones vectors of the fo-
cused output field of radially and azimuthally polarized vector
beams, respectively. We take the maximum value of the lin-
ear retardance (δ) of the RM257 particles and calculate the
Stokes vectors using Eqs. (1) and (2). Using the Stokes vector
analysis, we plotted the polarization ellipse of the emerging
radially and azimuthally polarized field from the particles
shown in Figs. 2(b) and 2(c), respectively (details of the nu-
merical simulations of ellipticity generation are mentioned in
Sec. V C). This observation leads us to the conclusion that
the contribution of Belinfante’s spin momentum (BSM) is
also crucial in the calculation of total OAM. Consequently,
it is clear that birefringent particles would be experiencing a
higher total OAM compared to nonbirefringent particles such
as polystyrene, thus enabling their rotation around the beam
axis. We now attempt to explain our experimental observa-
tions using numerical simulations, which we perform using
the theoretical formalism that we describe in the next section.

IV. THEORETICAL CALCULATIONS

Tight focusing due to objective lenses with a high NA gen-
erates a nonparaxial condition [39,40]. For the determination
of electric and magnetic fields of radially and azimuthally
polarized vector beams under such nonparaxial conditions, we
use the angular spectrum method or vector diffraction theory
provided by Richards and Wolf [6,41,42]. The general expres-
sion of Cartesian components of the electric field (Ex, Ey, and
Ez) of a focused radially polarized vector beam in the focal
plane is given as

⎡
⎢⎣

Eo
x

Eo
y

Eo
z

⎤
⎥⎦

R

= Aim+1 exp(imφ)
∫ θmax

0
fω(θ ) cos3/2 θ sin2 θ exp(ikz cos θ ),

×
⎡
⎣−i[Jm+1(β ) − Jm−1(β )] cos φ + [Jm+1(β ) + Jm−1(β )] sin φ

−i[Jm+1(β ) − Jm−1(β )] sin φ − [Jm+1(β ) + Jm−1(β )] cos φ

2 tan θJm(β )

⎤
⎦dθ. (3)

Similarly, the general form of the Cartesian components of of the electric field of the azimuthally polarized vector beam can
be expressed as ⎡

⎢⎣
Eo

x

Eo
y

Eo
z

⎤
⎥⎦

A

= Aim+1 exp(imφ)
∫ θmax

0
fω(θ ) cos1/2 θ sin2 θ exp(ikz cos θ ),

×

⎡
⎢⎣

[Jm+1(β ) + Jm−1(β )] cos φ + i[Jm+1(β ) − Jm−1(β )] sin φ

[Jm+1(β ) + Jm−1(β )] sin φ − i]Jm+1(β ) − Jm−1(β )] cos φ

0

⎤
⎥⎦dθ, (4)
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FIG. 2. (a) The linear retardance of RM257 birefringent particle. (b), (c) The polarization ellipse plots of the emerging radially and
azimuthally polarized field from the RM257 birefringent particles, respectively.

where β = kρ sin θ , is the argument of Bessel functions,
θmax = sin−1(NA/n), which is the maximum angle related
to the NA of the objective, n is the refractive index of the
medium, Eo is the output electric field, A is the constant
related to the amplitude of the electric field, and fω(θ ) is
the apodization function that appears when an aplanatic lens
tightly focuses the beam [40,41]. Jm is the Bessel function
of mth order of the first kind, and θ and φ denote the polar
angle with respect to the z axis and the azimuthal angle with
respect to the x axis in the cylindrical (or spherical) coordinate
system, respectively. Subscripts (R) and (A) of Eqs. (3) and (4)
represent the radially and azimuthally polarized vector beams,
respectively, and exp(imφ) represents the helical phase, where
m is the topological charge that can be any integer and mh̄ is
the OAM per photon. By putting m = 0 in Eqs. (3) and (4),
we obtain the expressions of the first-order radially and az-
imuthally polarized vector beams [see Eqs. (A1) and (A2) in
Appendix A]. For radially polarized light, the magnetic field
vectors exhibit an azimuthal orientation, while for azimuthally
polarized light this changes to radial [see Eqs. (A3) and (A4)
in Appendix A]. Importantly, calculations of spin angular mo-
mentum (SAM) indicate that the longitudinal component of
SAM (Sz) is zero for both radially and azimuthally polarized
light, with only the transverse SAM (TSAM) being nonzero
for both radially and azimuthally polarized vector beams as
has been clearly shown in Refs. [4,31].

We now determine analytical expressions for the total
OAM densities for tightly focused first-order (m = 0) radially
and azimuthally polarized vector beams. For this, we first note
that the linear momentum density P for a monochromatic
electromagnetic field in SI units is related to the time-
averaged Poynting vector through P = Re(E∗ × H)/(2c2) [or
P = Re(E × H∗)/(2c2)] [34,43,44]. For the vector fields, we
can decompose P into Po, which is the canonical or or-
bital momentum (CM) derived from the local phase gradient
(wave vector) in the field, and a Belinfante’s spin momentum
(BSM) Ps, which arises as a consequence of spin inhomo-
geneity [44,45]. Therefore, we can write P = Po + Ps, where
Po = 1

4ωn2 Im[εE∗ · (∇)E + μH∗ · (∇)H] and Ps = 1
8ωn2 ∇ ×

Im(εE∗ × E + μH∗ × H), with ε being the permittivity, μ

the permeability, and n the refractive index of the embed-
ding medium. The canonical Po (orbital) and spin Ps parts

of the momentum density generate the total OAM density of
the electromagnetic field [45–47]. The total OAM density is
L = r × P, where r is the lateral position of the corresponding
beam propagation axis [34]. Hence, the density of the linear
momentum P and total OAM L for the radially (azimuthally)
polarized vector beams on tight focusing in optical tweezers
may be written as

Px = Re[Ci(I12I∗
10) cos φ],

Py = Re[Ci(I12I∗
10) sin φ],

Pz = Re[C(I12I∗
11)], (5)

Lx = yPz − zPy,

Ly = zPx − xPz,

Lz = xPy − yPx. (6)

Here C is the constant denoting P, while I10, I11, and I12

are the complex diffraction integrals detailed in Eq. (A5)
in Appendix A [4,33,39,40]. Generally, Laguerre-Gaussian
(LGpl ) beams [48], high-order Bessel beams [49], and Math-
ieu beams [50] inherently possess OAM. The mechanical
action of any nonzero values of OAM (m �= 0) causes particles
to exhibit orbital motion around the beam propagation axis,
as demonstrated in previous works [5,6,51]. However, in the
case of beams with zero SAM (σ = 0) and intrinsic OAM,
such as first-order (m = 0) radially and azimuthally polarized
vector beams, birefringent particles still orbit around the beam
center due to SOI effects, as we have shown. To understand
our observations, we now proceed to numerically simulate our
experimental system and evaluate the intensity distributions,
OAM characteristics and ellipticity generation.

V. NUMERICAL SIMULATIONS

In our experimental system, the output from a high NA
objective lenses in an optical tweezers setup is passed through
a stratified medium. The laser beam of wavelength 671 nm
is incident on the 100× oil immersion objective lens of NA
1.4 followed by (1) an oil layer of thickness around 5 µm
and refractive index (RI) 1.516, (2) a 160 µm thick cov-
erslip having refractive index varying between 1.516–1.814
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FIG. 3. (a) Schematic diagrams of the stratified medium used in
our numerical analysis and in the optical tweezers system. (b)–(e)
Numerical simulation of the intensity distribution at z = 2 µm away
from the focus for a mismatch RI of 1.814 using the high NA
objective (trap focus) lens. (b), (c) The quiver plots over the intensity
distribution depict the radial and azimuthal polarization of the vector
beams, respectively. (d), (e) Comparison of intensities at the beam
center (or near the beam center) denoted by solid black squares and
black triangles, and the off-axis annular ring represented by solid red
circles and red triangles as a function of RI for input radially and
azimuthally polarized vector beams, respectively.

(note that the case where RI = 1.516 is henceforth referred
to as the “matched condition,” which is typically employed
in optical tweezers to minimize spherical aberration effects
in the focused beam spot, whereas the other values are re-
ferred to as a “mismatched” condition), (3) a sample chamber
of an aqueous solution of birefringent RM257 particles in
a water medium having a refractive index of 1.33 with a
depth of 35 µm, and finally (4) a glass slide of refractive
index 1.516 whose thickness we consider to be semi-infinite
(1500 µm). In the simulation, the origin of coordinates is
located inside the sample chamber, marked by a red circle
on the z axis at an axial distance of 5 µm from the interface
between the sample and the coverslip [see Fig. 3(a)]. Thus,
the objective-oil interface is at − 170 µm, the oil-cover slip
interface is at − 165 µm, and the cover slip-sample cham-
ber interface is at − 5 µm, and the sample chamber-glass
slide interface is at +30 µm. At the first interface (objective
lens), we perform a paraxial to nonparaxial transformation,
and decompose the radial and azimuthally polarized inci-
dent ray Einc into s and p polarizations, respectively. For
each polarization state, we account for the corresponding
Fresnel transmission coefficients Ts and Tp, as well as the

FIG. 4. (a) Quiver plot of the origin-dependent OAM at 2 µm
away from the focus of a radially (azimuthally) polarized vector
beam for mismatched RI (1.814). Note that the magnitude of the
OAM for both beams is the same. (b) The maximum value of OAM is
a function of RI. It is evident that the OAM is at its maximum at an RI
of 1.814, which is consistent with our experimental conditions. Line
plot of the radial intensity (in log scale) and total OAM distribution
of a radially polarized beam at different z planes for mismatched RI
(1.814), shown in (c) and (d), respectively.

reflection coefficients Rs and Rp at each interface of the strat-
ified medium [39,40].

A. Numerical simulations of intensity distribution

The schematic in Fig. 3(a) provides a cartoon representa-
tion of our system. We conduct the numerical simulations to
investigate the tight focusing of the input radially/azimuthally
polarized vector beam by a high NA objective lens into a
stratified medium under “mismatched” conditions (though the
experimental observations are for the mismatched case). Con-
sistent with the theoretical predictions, we observe that the
electric field intensity at the center of a radially polarized
beam is a result of Ilong (I10), while the off-axis intensity arises
from Irad (I11), as illustrated in Figs. 3(b) and 3(d). On the
contrary, for an azimuthally polarized beam, as depicted in
Figs. 3(c) and 3(e), the electric field intensity near the beam
center and the off-axis annular ring is formed due to Iazi

(I12). The quiver plots over the intensity distribution depict
the radial and azimuthal polarization of the vector beams in
Figs. 3(b) and 3(c), respectively. In addition, we quantified the
radial (|Eρ |2), azimuthal (|Eφ|2), and longitudinal (|Ez|2) com-
ponents of the electric field and compared them separately. We
found that the azimuthal component dominates at the off-axis
position of the intensity distributions at z = 2 µm away from
the focus for an RI of 1.814 (see Fig. 5 in Appendix B). In
the case of azimuthally polarized light, at the center of the
beam, the electric field intensity is found to be zero due to
the absence of the longitudinal component (Ez) of the electric
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FIG. 5. (a), (b), (c) Numerical simulation of the radial, az-
imuthal, and longitudinal components of the electric field intensity
distribution at z = 2 µm away from the focus for a refractive index
(RI) of 1.814 using the high numerical aperture (NA) objective
lens, respectively. (d) Component-wise comparison of intensities at
the off-axis and on-axis (beam center) positions of the intensity
distribution.

field. It is evident from Figs. 3(d) and 3(e) that, for input radial
(or azimuthal) polarization, the total intensity (resulting from
both electric and magnetic fields) at the beam center (or near
the beam center) at an axial distance of 2 µm from the focus
increases as the RI contrast of the stratified medium increases
up to 1.814. Beyond this point, the intensity at both the beam
center (or near the beam center) and the off-axis positions
decreases as a result of the transverse spread of the beam. For
RI 1.814, the intensity at the beam center is approximately
10% higher than that in the annular ring for radial polarization,
allowing particles to be trapped in both regions, which is what
we use in our experiments.

B. Numerical simulations of OAM distribution

The results of our simulations correspond to origin-
dependent total OAM are shown in Fig. 4. For OAM
[Fig. 4(a)–4(d)] and the radial distribution of intensity
[Fig. 4(c)], we present results for the mismatched RI 1.814.
This is because the value of OAM increases as the RI of the
coverslip is increased up to 1.88, as shown in Fig. 4(b). Also,
the spherically aberrated intensity profile that we obtain in this
case allows overlap between significant intensity and large
OAM that is useful to see effects on mesoscopic particles of a
diameter of a few microns [4,15]. Note that we also perform
the simulations not at the focal region of the trap, but at 2 µm
away from the focus, so as to obtain enough spatial extent of
both intensity and OAM to obtain experimentally discernible
effects. The corresponding intensity distributions as a function
of axial distance from focus for the mismatched RI 1.814 are
shown in Fig. 4(c) shows that as we move away from the
focus, off-axis intensity lobes are formed. The quiver plot in
Fig. 4(a) illustrates that the total OAM for the mismatched

RI case follows a clockwise direction and is distributed in
an annular ring around the focus. We have shown that par-
ticles trapped in this ring would exhibit rotational motion
around the beam center. On this note, Fig. 4(b) shows that
the maximum value of the OAM distribution at 2 µm away
from the focus depends on the RI. It is evident that the OAM
saturates between an RI of 1.80 and 1.88. For RI values
greater than 1.88, both intensity [see Figs. 3(d) and 3(e)] and
OAM decrease rapidly due to the transverse spread of the
beam. In our experiments, we therefore used an RI of 1.814.
Fig. 4(d) demonstrates the radial distributions of total OAM
as a function of axial distance from focus for the mismatched
RI 1.814. From this, it follows that the OAM peaks overlap
with off-axis intensity peaks [see Fig. 4(c)], suggesting that
birefringent RM257 particles trapped on the off-axis would
feel its effects the most.

C. Numerical simulations of ellipticity generation

The results of our simulations correspond to the gener-
ation of ellipticity in the output beam emerging from the
birefringent RM257 particle, as shown in Figs. 2(b) and 2(c).
We conducted the numerical simulations at 2 µm away from
the focus for the “mismatched” condition of the coverslip
with RI 1.814. Using the LU-Chipman (or polar) decompo-
sition [13,52,53], we quantified the linear retardance of the
RM257 particles, as shown in Fig. 2(a). From there, we took
the highest value of the linear retardance of the birefringent
RM257 particle and wrote a generalized 2 × 2 Jones matrix
for the optically anisotropic medium (birefringent particle).
Using the expressions for the electric field of first order ra-
dially and azimuthally polarized vector beams [having zero
intrinsic SAM and OAM (m = 0)] [see Eqs. (A1) and (A2)
in Appendix A], we calculated the resultant Jones vectors
[Eqs. (1) and (2)] of the output field emerging from the bire-
fringent RM257 particle. We then calculated the four Stokes
vector elements S0 = |Ex|2 + |Ey|2, S1 = |Ex|2 − |Ey|2, S2 =
2 Re(E∗

x Ey), and S3 = 2 Im(E∗
x Ey) of the output beam [54,55].

Using a polarimetry MATLAB code, we plotted the polar-
ization ellipse over the intensity distribution of radially and
azimuthally polarized vector beams in Figs. 2(b) and 2(c),
respectively. Hence, we concluded that the emerging vector
beam from the birefringent particle has gained finite helicity
(or ellipticity). Therefore, the contribution of Belinfante’s spin
momentum (BSM) is also crucial in the calculation of total
OAM.

VI. CONCLUSION

In conclusion, we use the SOI of light generated due to
the tight focusing of structured vector beams in optical tweez-
ers and its modification in the presence of interactions with
birefringent microparticles to engineer orbital rotation in the
particles. Thus, we tightly focus radially and azimuthally po-
larized vector beams that do not carry any SAM and intrinsic
OAM into a RI-stratified medium and observe the effect of
total OAM on birefringent particles orbiting around the beam
propagation axis. We see clear signatures of origin-dependent
OAM generated for both input polarizations. These effects
are also facilitated by the spherical aberrated intensity profile
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generated by our RI-stratified medium. Most importantly, the
interaction of the focused light with the birefringent parti-
cles results in the generation of a finite BSM that actually
enables the orbital rotation, which—importantly—is not ob-
served in nonbirefringent particles. Consequently, our work
demonstrates how light-matter interactions may modify the
effects of the SOI of light in optical tweezers to generate
interesting dynamics in trapped particles. Importantly, these
effects arise from the SOI generated by tight focusing alone,
without the need to structure complex beam profiles using
advanced algorithms involving adaptive optics. In the future,
we plan to observe the effects on SOI in a nonlinear medium
and intend to extend our work on ENZ (Epsilon Near Zero)
materials [56].
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APPENDIX A: THEORETICAL CALCULATIONS

For the determination of electric and magnetic fields
of radially and azimuthally polarized vector beams under
such nonparaxial conditions, we use the angular spectrum
method or vector diffraction theory provided by Richards and
Wolf [6,41,42]. By employing m = 0 in Eqs. (3) and (4), we
can write the expressions for the electric field components (Ex,
Ey, and Ez) of first-order radially and azimuthally polarized
vector beams [having zero intrinsic OAM (m = 0)] as [40]⎡

⎢⎣
E0

x

E0
y

E0
z

⎤
⎥⎦

Rad

= A

⎡
⎢⎣

(−iI11) cos φ

(−iI11) sin φ

I10

⎤
⎥⎦, (A1)

⎡
⎢⎣

E0
x

E0
y

E0
z

⎤
⎥⎦

Azi

= A

⎡
⎢⎣

(iI12) sin φ

(−iI12) cos φ

0

⎤
⎥⎦. (A2)

Here I11, I12, and I10 are the diffraction or Debye-Wolf
integrals [39,40,42]. Note that I11 and I12 are the integral
coefficients for the transverse electric/magnetic fields, while
I10 is the coefficient for the longitudinal component of the
electric/magnetic field for first-order radially/azimuthally po-
larized vector beam. Furthermore, from Eqs. (3) and (4), it is
clear that a z component of the electric field emerges on tight
focusing of radially polarized and azimuthally polarized vec-
tor beams for m = 0 and m = 1 order, respectively [28,35,41].
On the other hand, the output electric field for an azimuthally
polarized vector beam with m = 0 remains purely transverse
in nature at the focal plane.

The magnetic field vectors exhibit an azimuthal orientation
for radially polarized light, whereas for azimuthally polarized
light, the orientation changes to radial. Therefore, the mag-
netic field of the first-order vector beam, corresponding to a
radially polarized electric field, is given:⎡

⎢⎣
H0

x

H0
y

H0
z

⎤
⎥⎦

Rad

= B

⎡
⎢⎣

(−iI12) sin φ

(iI12) cos φ

0

⎤
⎥⎦. (A3)

Thus, the magnetic field is azimuthal in nature, with the z
component being zero for the input radially polarized vector
beam.

Now, the magnetic field of a first-order azimuthally polar-
ized vector beam is radial in nature and is given as⎡

⎢⎣
H0

x

H0
y

H0
z

⎤
⎥⎦

Azi

= B

⎡
⎢⎣

(−iI11) cos φ

(−iI11) sin φ

I10

⎤
⎥⎦, (A4)

where Ho denotes the output magnetic field, and B = A/Zμε

is the constant related to the amplitude of the focused mag-
netic field. A z component of the magnetic field emerges on
tight focusing of an azimuthally polarized vector beam for
m = 0. The electric field, as mentioned earlier, remains en-
tirely transverse. The complete expressions of the diffraction
or Debye-Wolf integrals used in the above equations [or in
Eqs. (5) and (6)] are provided as follows:

It
10(ρ) =

∫ θmax

0
Einc(θ )

√
cos θ sin2 θ (Tp sin θ j )J0(k1ρ sin θ )eik j z cos θ j dθ,

It
11(ρ) =

∫ θmax

0
Einc(θ )

√
cos θ sin2 θ (Tp cos θ j )J1(k1ρ sin θ )eik j z cos θ j dθ,

It
12(ρ) =

∫ θmax

0
Einc(θ )

√
cos θ sin2 θ (Ts)J1(k1ρ sin θ )eik j z cos θ j dθ,

Ir
10(ρ) = −

∫ θmax

0
Einc(θ )

√
cos θ sin2 θ (Rp sin θ j )J0(k1ρ sin θ )eik j z cos θ j dθ,

Ir
11(ρ) = −

∫ θmax

0
Einc (θ )

√
cos θ sin2 θ (Rp cos θ j )J1(k1ρ sin θ )e−ik j z cos θ j dθ,

Ir
12(ρ) =

∫ θmax

0
Einc (θ )

√
cos θ sin2 θ (Rs)J1(k1ρ sin θ )e−ik j z cos θ j dθ. (A5)
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Here t and r superscripts denote the transmitted and re-
flected components of Debye-Wolf integrals, respectively. At
the boundary of paraxial to nonparaxial transformation, we
decompose the radial and azimuthal polarized incident ray
Einc into s polarization and p polarization, respectively. For
each polarization state, we account for the corresponding
Fresnel transmission coefficients Ts and Tp, as well as the re-
flection coefficients Rs and Rp at the interface of the stratified
medium [40].

APPENDIX B: NUMERICAL SIMULATIONS

Our simulations are performed for the tight focusing of
the input radial/azimuthal polarized beam by a high NA ob-
jective lens into a stratified medium as described in Sec. V.
The electric field in the focal plane for radial polarization
exhibits nonzero radial and longitudinal components of the
electric field (Eρ and Ez), and an azimuthal magnetic field
component (Hφ), while the other components of the electric
(Eφ) and magnetic (Hρ and Hz) fields are zero. Conversely,
an azimuthally polarized vector beam contains nonzero az-
imuthal components of the electric field (Eφ) and radial and
longitudinal magnetic field components (Hρ and Hz), while
the other components of the electric (Eρ and Ez) and magnetic
(Hφ) fields are zero.

Notably, the electric and magnetic field intensity profiles
for the radially and azimuthally polarized vector beams in the
focal plane appear as bright spots at the center of the beam,
since only the zero-order Bessel function (J0, embedded in
I10) possesses a nonvanishing value at the origin. In Figs. 5(a)–
5(c), we separately plot the intensity distribution of the radial
(|Eρ |2 or |I11|2), azimuthal (|Eφ|2 or |I12|2), and longitudinal
(|Ez|2 or |I10|2) components of the electric/magnetic field of
the vector beam in a nonparaxial regime, which is tightly
focused through a high NA objective lens into the stratified
medium of the RI. The line plot in Fig. 5(d) compares these
components, showing that the azimuthal component domi-
nates over the radial component at the off-axis positions, while
the longitudinal component of the electric/magnetic field is
mostly concentrated on-axis (beam center).

We observe that the magnetic field intensity at the cen-
ter of a radially polarized beam is zero due to the absence
of the longitudinal component (Hz) of the magnetic field,
while off-axis intensity comes from Itrans (I12), as illustrated
in Fig. 6(a). Conversely, the magnetic field intensity at the
center of an azimuthally polarized beam arises from Ilong (I10),
while off-axis (annular ring) intensity comes from Itrans (I11),
as demonstrated in Fig. 6(b). In Figs. 6(c) and 6(d), we present
line plots of the corresponding magnetic field intensity of
the tightly focused radially and azimuthally polarized vector
beams for an RI of 1.814 at 2 µm away from the focus, respec-
tively. Notably, for RI 1.814, the magnetic field intensity at
the beam center is approximately 12% higher than the annular
ring for an azimuthally polarized input beam.

APPENDIX C: EXPERIMENTAL METHODS
AND SAMPLE PREPARATION

1. Experimental method

The schematic and details of our optical tweezers setup
are provided in Fig. 7. We use a conventional optical

FIG. 6. Numerical simulation of the magnetic field intensity dis-
tribution at z = 2 µm away from the focus for a refractive index
(RI) of 1.814 using the high numerical aperture (NA) objective lens.
The input beams include (a) radially polarized and (b) azimuthally
polarized vector beams. Line plots of the corresponding intensity
distribution (xy) for the radially and azimuthally polarized vector
beams under mismatched RI conditions (1.814) at 2 µm away from
the focus are presented in (c) and (d), respectively.

tweezers configuration consisting of an inverted microscope
(Carl Zeiss Axiovert.A1) with an oil-immersion 100× objec-
tive (Zeiss, NA 1.4), a sample chamber, and a solid-state laser
(Lasever, 671 nm, 350 mW) coupled to the back port of the
microscope. The sample chamber is formed by sandwiching a
cover slip and a glass slide together, into which we introduce
approximately 20 µl of the aqueous dispersion of RM257. The
mean size of the RM257 particles is 1–3 µm with a standard

FIG. 7. Schematic representation of the experimental setup de-
signed to couple radially or azimuthally polarized light into our
optical tweezers system for conducting experiments on birefringent
RM257 particles.
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FIG. 8. The Mueller matrix of birefringent RM257 particle. Sig-
nature of linear diattenuator (elements M12, M13, M21, and M31
marked by red boxes), linear retarder (elements M24, M34, M42, and
M43 marked by black boxes), and elements M14 and M41 describing
the Spin-Hall effect (blue boxes) are highlighted.

deviation of 20%. To determine the Mueller matrix of RM257
particles, we employ a polarization state generator (PSG) con-
sisting of a polarizer and a quarter-wave plate at the input
of the microscope, and a polarization state analyzer (PSA)
consisting of a quarter-wave plate and a polarizer at the output
of the microscope. The PSG generates six different linear and
circular polarization states. For this purpose, the collimated
white light from the microscope’s inbuilt illumination source
(a 100W halogen lamp) passes through the PSG unit, which
includes a rotatable linear polarizer and a quarter-wave plate
corresponding to 671 nm. The light is then directed onto our
sample of birefringent RM257, and the scattered light from
the sample is collected by the microscope objective (Carl
Zeiss Axiovert.A1, NA 1.4). Subsequently, the polarization
of the scattered light is analyzed by the PSA unit, which
comprises a quarter-wave plate and a linear polarizer. For
each polarization state generated by the PSG, we conduct
six measurements with the PSA, resulting in a total of 36
polarization-resolved projective measurements. We then con-
struct the 4 × 4 Mueller matrix based on these measurements.
Using the LU-Chipman (or polar) decomposition [13,52,53],
we quantify the linear retardance of the RM257 particles in
Fig. 2(a). Specifically, the linear retardance originates from
the difference in the real part of the refractive index between
two orthogonal linear polarization states. The linear retarder
elements (M24, M34, M42, and M43) are highlighted by
black boxes in Fig. 8.

2. Sample preparation

In the synthesis of RM257 vaterite particles, the fabrica-
tion process follows a meticulous procedure to ensure the

controlled formation of particles. The synthesis is carried out
using two hot plates equipped with temperature sensors to
regulate the temperature throughout the process. The follow-
ing steps outline the fabrication story of RM257 birefringent
particles:

Step 1: Setting up the laboratory. The experiment begins
by preparing the laboratory setup with two 200 ml beakers
attached to thermometers and two hot plates, each equipped
with a temperature sensor. These plates are crucial for main-
taining precise temperatures during synthesis.

Step 2: Solvent preparation. We took 150 ml of deionized
water and 50 ml of ethanol into two different beakers, heated
them separately on the hot plate to 75 ◦C and 55 ◦C, respec-
tively, and maintained these temperatures.

Step 3: Introducing RM257. Once the ethanol reaches
55 ◦C, 30 mg of RM257 was added. The solution was then
stirred or allowed to settle until it becomes clear again.
This step ensures the proper dissolution of RM257 in
ethanol.

Step 4: Controlled mixing. As the temperature of the water
reaches 70 ◦C, the ethanol solution containing RM257 was
added dropwise to the water. Care was taken to cover the
mouth of the beaker containing ethanol to reduce the evap-
oration rate of ethanol. The controlled addition of the liquid
to the water is important because it influences the size of the
particles formed.

Step 5: Particle growth. To control the size of the RM257
particles, it is crucial to manage the evaporation rate of
ethanol. The slower the addition of the ethanol solution, the
larger the particles will be. The mixture beaker is covered
with aluminum foil, and holes are made in it to reduce the
evaporation rate. This step allows for the particles to grow as
the ethanol gradually evaporates.

Step 6: Finalizing the synthesis. Once all the ethanol evap-
orated, the hot plates were switched off, and the solution was
left to cool. The aluminum foil covering the beaker remained
in place during this cooling period.

This fabrication process ensures the controlled synthesis
of RM257 vaterite particles, whose size is influenced by
careful management of temperatures and evaporation rates
throughout the procedure [37]. The resulting particles are ex-
pected to exhibit birefringence characteristics. To discern the
effects of birefringence characteristics of RM257 particles,
we dispersed them in an aqueous solution within the sample
chamber of an optical tweezers setup. The particles were then
exposed to forward-transmitted light from the microscope
lamp utilizing a cross-polarization scheme. This involves
the strategic placement of crossed linear polarizers at both
the input and output of the microscope, and we observed the
intensity of the particles relative to the background. If the
particles exhibit birefringence, they would scatter significant
light and appear to glow when observed in the cross-polarized
position.
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