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Abstract: In the framework of generalized Lorenz-Mie theory, we report here the results of our
comprehensive study for analyzing and computing the optical torque (OT) caused by AGVBB on a
charged sphere of arbitrary size. The effects of polarization, order, half-cone angle, the position of
particle, and the surface charge are carefully considered. The axial and transverse components or
OTs are numerically calculated, and the sign reversal of the axial OTs and vortex-like character of the
total transverse OTs are mainly discussed. The results reported here are expected to have significant
impact on improving the ability of optical manipulation and rotation.

Keywords: optical torque; charged sphere; vector Bessel (vortex) beam; GLMT

1. Introduction

An I order axicon-generated vector Bessel (vortex) beam (AGVBB) [1-21] with ho-
mogenous polarization state has a helical phase characterized by exp(il¢), where ¢ is the
azimuthal angle. The I order vector of an AGVBB carries two types of angular momentum:
(i) a spin angular momentum (SAM) corresponding to the polarization and (ii) an orbital
angular momentum (OAM) corresponding to the vortex phase [22-24]. Circularly polar-
ized waves carry SAM quantized as & I per photon, and an OAM, which describes the
azimuthal angular dependence of photons, is quantized as Iiz per photon. Different [-values
correspond to mutually orthogonal OAM modes, and the total number of OAM modes is
unbounded. When an AGVBB interacts with an absorptive particle, the angular momentum
is transferred from the beam to the particle, causing an OT. The quantitative assessment
of OT generated by a vector vortex beam is of paramount importance for improving the
ability of optical manipulation and rotation.

In earlier studies, many researchers have devoted their work to the OTs exerted by
AGVBB either on an absorptive Rayleigh dielectric [18,25] sphere, magneto-dielectric [26]
sphere, and/or a neutral sphere of arbitrary size. These studies have placed special em-
phases on the sign reversal of axial OTs and the vortex-like behavior of the total transverse
OTs for different polarization types. The existing studies on optical torques by the vector
Bessel beams assumed that the particles are un-charged. For many practical situations,
however, the particles are charged. For example, particles can be charged due to the fre-
quent collision between two particles or contact with reactor walls. The water droplets
formed in ocean sprays is also charged. A graphene-coated particles can be modelled by a
charged sphere. These particles have excess surface charge, and these surface charges create
a very thin metallic layer. It is important to investigate the OT on the charged particle. It is
expected that the surface charge could significantly affect the scattered field and optical
torque on the particles.

The purpose of this paper is to numerically compute and analyze the OTs on a charged
sphere of an arbitrary size placed in an AGVBB. In the framework of a generalized Lorenz—
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Mie theory (GLMT), we meticulously calculate the axial and transverse OTs, including the
results of sign reversal of axial OTs and the vortex-like character of the transverse OTs. The
effects of polarization, order /, half-cone angle «, and surface charge on OTs are carefully
analyzed. In Section 2, we outline the theory of the OTs on a charged sphere induced by an
AGVBB. In Section 3, the computational results are reported and analyzed on the axial and
transverse components of OTs, and the sign reversal of the axial OTs and the vortex-like
character of the transverse OTs are mainly discussed. The effect of surface charge is also
discussed in Section 3, with the concluding remarks presented in Section 4.

2. Optical Torque by an AGVBB on a Charged Sphere

As shown in Figure 1, a spherical particle is placed in a polarized Bessel beam, which
is generated using an axicon illuminated by a Gaussian beam. The radius of the particle is g,
and the complex refractive index is m;. The particle carries excess surface electric charge,
which can be expressed by the equivalent surface conductivity cg. The charge amount
increases from the 0 (neural particle) to a saturated charges. The half-cone angle of the
beam is ag, and the wavelength is A. The refractive index of the surrounding media is m;,.

BEAM

GAUSS

Figure 1. The schematic describing the optical torque exerted on a charged sphere.

Like a neutral sphere, the OT can be expressed by the following [27,28]:

<
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where <> is a time-average, n is the outward normal unit vector, and S is a surface enclosing
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the particle. The Maxwell stress tensor A is expressed as
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where T is the unit tensor. y and ¢ are the permeability and permittivity of the surrounding
media, respectively. The symbol ® denotes a tensor product. E and H signify the total
electromagnetic fields outside the particle and can be derived using GLMT [29]. According
to GLMT, the Cartesian components of the OTs are as follows [30-33]:
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Here, $t and the superscript * denote the real and complex conjugate, respectively.
K =27/A is the wavenumber. The superscript u represents the polarization type. c is the
light speed in vacuum. a, and b,, are the Mie scattering coefficients for a charged sphere,
which can be written as follows [34—42]:
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where x = ka is the dimensionless size parameter of the sphere. ¥,(.) and &,(.) are Ri-
catti_Bessel functions of first and third kinds, respectively, and the prime indicates the
derivative with respective to the parameter. The surface conductivity o is given by the
following [34,41,42]:

ipse/m, 0sey . psew
05 = — = 1 12
’ w17y me(w2+')/2) * me(wz+')’2) 12

Here, p; is the surface charge density, which ranges from 0 to a maximum value. When
ps =0, the particle is neutral. When p; has its maximum value, the amount of charge reaches
the saturated charges [42]. ¢ = 1.602 x 10~1°C and m, = 9.109 x 10~3'kg are the charge
and mass of electron, respectively. Following ref. [35], the term 7y is defined by v ~ kgT/#h,
with T being the temperature of the sphere. kg = 1.38 x 10723] /K is the Boltzmann’s
constant, and 7 = 1.0546 x 10~34]s is the Plank’s constant divided by 27.

Snm and g7 are the beam-shaped coefficients (BSCs) [29]. The BSCs for an AGVBB
were derived in reference [43,44]. In Equations (3)—(5), a pre-factor involving the power of
the incident beam is omitted [33].

3. Numerical Results and Discussions

The theory reported in Section 2 is employed here for numerically simulating the
vector components of OTs by an I"*-order AGVBB on the charged sphere having radius a.
Both axial and transverse components of the OTs are discussed separately, with emphasis
on the effect of beam order /, the half-cone angle «;, polarization, and the surface charge.
Here, we assume that the particle is a pure glycerol droplet surrounded by air of the
refractive index my = 1. The wavelength of an incident beam is A = 532 nm. The real
part of the refractive index of the pure glycerol droplet is 1.4746, and the imaginary part
is negligible at A = 532 nm [45]. Since the generation of OT needs the absorption of the
particle, a small imaginary part of the refractive index is added in our calculation. Thus,
the refractive index is assumed to be m; = 1.4746 + 10~

3.1. Axial Optical Torque

We first investigated the axial OT components by placing the charged sphere centered
on a zeroth-order (I = 0) AGVBB (on-axis, xp = y9 = 0), as shown in Figure 1. In our
calculations, the surface conductivity is assumed as o5 = 5.5 X 10710 + 497 x 10~8i Q" Im1
(corresponding surface charge density is ps = 1073 C/m?). Note that, in this case, the
transverse OT components vanish due to the symmetry. Figure 2 describes the calculated
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axial OTs (T%). The dimensionless size parameter ka varies in the range 0 < ka < 10 with
k = 27t/A. The half-cone angle ay changes within the range of 0 < &y < 90°. Since the
zeroth-order AGVBB with linear, radial, or azimuthal polarization carries neither spin nor
the orbital angular momentum, the sphere does not experience axial OT when placed in
the beam. In Figure 2, the OTs for these polarizations are not given, and only the OTs for
circular polarizations are shown. It can be noted that the axial OTs remain negative (for
right circular polarization) and positive (for left circular polarization). This means that the
zeroth-order AGVBB for circular polarizations does not reverse the sign of the axial OT. In
general, the magnitude of the axial OT is larger for larger size parameter ka and smaller
half-cone angle .

(a) right circular x]00634 90 (b) left circular x10-34

90
80 80
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70 02 39
60 -0.4 60 0.8
750 750
s 06 — 0.6
< 40 0.6 < 40
30 -08 30 0.4
- 10 3 02
0 0 - ‘ 0.0
0 2 4 6 8 10 0 2 4 6 8 10
ka ka

Figure 2. The plots for the axial OT T} of a zeroth-order Bessel beam centered on a charged sphere.
The title of each panel denotes the polarization state.

The results displayed in Figure 3 are generated to provide axial OT by the first-order
(I=1) AGVBB. It is well-known that a higher-order (I # 0) AGVBB carries an axial angular
momentum denoted by the phase term exp(ilp). Each photon of the I/-order AGVBB
carries OAM [. In addition, if the incident beam is circular polarized, each photon carries
SAM +17 (left circular polarization) or —1# (right circular polarization). Thus, the total
angular momentum becomes (I £ 1) . When the photons are absorbed or scattered by the
particle, the OAM is transferred from incident beam to the particle. Thus, for right circular
polarization, the photon carries no angular momentum ((I — 1) / = 0), which results in an
axial OT of 0 as shown in Figure 3c. Similarly, for left circular polarization, the photon
carries angular momentum 27 (Figure 3d), so the magnitude of the axial OT is about twice
that of the linear polarizations (Figure 3a,b). The axial OTs for linear polarizations have
similar distribution. In general, the magnitude increases with the increase of size parameter
ka. This is caused by the fact that a larger size particle can have more angular momentum
from the incident beam, as more rays are incident on the particle. The variation of axial
OT with half-cone angle a( is dependent on the polarization. For instance, with linear and
circular polarization, the maximum axial OT locates in the range between 40° < ay < 70°,
while that of radial and azimuthal polarizations locates in the range of 0° < ay < 30°.

Next, an off-axis case (xg = 1 um) is studied for absorptive charged sphere placed in
the I""-order AGVBB. All other parameters are the same as that of the on-axis case.

Figure 4 depicts the axial OT T} for a charged sphere illuminated by a zeroth-order
(I =0) AGVBB. Similarly, as the AGVBBs for linear, radial, and azimuthal polarizations
do not carry any angular momentum, the axial OTs vanish and are not seen in Figure 4.
For right (left) circular polarizations, the axial OT remains negative (positive). This means
that the sign of the axial OT is not reversed for off-axis incidence. Note that, for a neutral
particle, the sign reversal can be observed as discussed in ref. [46]. Thus, depending on
the position of particle in the beam, the surface charge can change the sign of the axial
OT, namely the rotational direction. The comparison of Figures 2 and 4 shows that the
distribution of the axial OTs depends on the position of the particle in the beam.
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Figure 3. The same as in Figure 2 but with [ = 1.
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Figure 4. The same as in Figure 2 but with xg =1 um.

The effect of increasing the beam order to | = 1 for off-axis incidence is displayed
in Figure 5. The comparison of Figures 3 and 5 shows several typical differences of the
axial OT T} for on- and off-axis incidence. The most important difference is that T} can
be either positive or negative depending on the size parameters ka and half-cone angle ay.
For instance, if ka = 0.8, and the beam is linear polarized, the sign of the axial OT changes
with «p. This means that one can rotate the particle clockwise or counter clockwise by
changing the half-cone angle «(. This has potential application in the optical switches.
Secondly, for right circular polarization, T} is 0 for on-axis incidence, but it is non-zero for
off-axis incidence.

Next, the axial OT T} is calculated by varying the relative position of the particle and
the beam center in the range between —1 um < (x¢, o) < 1 um. Since the surface charge
mainly affects small particles, here, we considered relatively small sphere of radius 10 nm.
Figure 6 gives the results for a zeroth-order (I = 0) AGVBB with half cone-angle ay = 15°
and circular polarizations. The OTs for other polarizations vanish and are not shown. For
circular polarizations, the axial OTs form a series of concentric rings. In the center, the
axial OT has maximum magnitude for left circular polarization, while its magnitude is zero
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for right circular polarization. It is seen that the axial OT remains positive (left circular
polarization) or negative (right circular polarization), which means that the sign of the axial
OT is not reversed.
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Figure 5. The same as in Figure 4 but with [ = 1.
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Figure 6. The plots for axial optical torque T} on a charged sphere in a plane perpendicular to the
propagating direction of a zeroth-order Bessel beam.

The effect of increasing the beam order to [ = 1 is displayed in Figure 7. First, for
circular, radial, and azimuthal polarizations, the axial OTs form a series of concentric rings.
For right circular, radial, and azimuthal, the axial OT has central maximum magnitude
but zero central magnitude for the left circular polarization. The AGVBBs for radial and
azimuthal polarizations induce a larger axial OT than that for the circular polarizations.
For circular, radial, and azimuthal polarizations, the axial OTs are symmetrical about the
center (xp = o = 0), while the symmetry is broken for linear polarizations. They form four
islands: two of them are formed by maximum magnitude, while the other two are formed
by minimum magnitude. For linear polarizations, two islands for minimum magnitude
are arranged in the polarization direction, and the other two are perpendicular to the
polarization direction. Note that the magnitude for circular polarizations is much larger
than that for linear polarizations. It is very important that, for radial and azimuthal
polarizations, the axial OT can be positive or negative depending on the position of particle
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in the beam. This means that if the particle moves radially from the beam axis, it may rotate
in either the counter-clockwise or the clockwise direction.
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Figure 7. The same as Figure 6 but with [ = 1.

The effects of increasing the half-cone angle to g = 80° for zeroth- and first-order AGVBBs
on the axial OTs were also investigated, and the results are displayed in Figures 8 and 9.
Like the smaller half-cone angle, the axial OTs for linear, radial, and azimuthal polariza-
tions are zero, and for circular polarizations, it forms a series of concentric rings. A com-
parison of Figures 6b and 8b shows an important difference. For left circular polarization,
the axial OT for smaller &y remains positive, while that of larger ay can be either positive
or negative depending on the position of the particle. This means that for a larger «y, the
sign reversal of axial OT can be observed. Similar results can be observed for first-order
AGVBB from the comparison of Figures 7d and 9d. Note that for larger «, the concentric
rings become denser.

i i -40 i ~40
1.00 (a) right circular x10 1.00 (b) left circular x10
0.0
0.75 0.75 2.0
0.50 _05 050
_ —_ 1.5
g 025 5o E 0.25
2 0.00 2 0.00 1.0
2 -0.25 _15 = -0.25
-0.50 -0.50 0.5
-0.75 - -0.75 0.0
-1.00 -1.00
-1.0 -05 00 05 1.0 -1.0 -0.5 00 05 10
Xo (um) Xo (um)

Figure 8. The same as in Figure 6 but with ay = 80°.

3.2. Transverse Optical Torque

Next, we investigated the transverse OTs Ty and T by considering the effects of
polarization, beam order, surface charge, and half-cone angle on the total transverse OT;
ie, T! =T¢ + Ty“. In our calculations, we assumed the radius of the particle a = 10 nm,

the refractive index of the particle is m; = 1.4746 + 1771, while the surrounding media is air
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with refractive index m; = 1. The wavelength of the incident AGVBB is A = 532 nm. The
vortex-like character of the transverse OT is mainly discussed.
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Figure 9. The same as Figure 7 but with ag = 80°.

First, we considered the transverse OTs for a smaller half-cone angle. Figures 10 and 11
show, respectively, the transverse OTs induced by zeroth-order (/ = 0) and first-order (I = 1)
AGVBBs with ag = 15°. For the zeroth-order AGVBB with x-polarization, the transverse OT
is parallel or anti-parallel to the y-axis depending on the position of particle. For xg > 0 and

ro = y/x3 4 y3 < 1, the transverse OT is parallel to the y-axis, and it is anti-parallel for ro > 1.
For x( <0, the transverse is opposite to that for xg > 0. The transverse OTs for y polarization
rotate by 90 degrees relative to that for the x polarization, respectively. For circular, radial,
and azimuthal polarizations, the transverse OTs have vortex-like characteristics, and the
vortex direction depends on the position of particle. For right circular polarization, the
vortex direction is clockwise. For left circular polarization, the vortex direction is counter-
clockwise for ry < 0.7 um and clockwise for 7y > 0.7 um. The transverse OTs for radial
and azimuthal polarizations have similar vortex-like character. The vortex direction is
clockwise for 7y < 0.9 um and counter-clockwise for 7y > 0.9 pm.

Figure 11 shows the transverse OT induced by a first-order AGVBB. Like the zeroth-
order AGVBB, the transverse OT generated by a first-order AGVBB with x-polarization
is parallel or anti-parallel to the y-axis. For xy > 0, the transverse OT is anti-parallel to the
y-axis for rg < 0.6 um and is parallel to y-axis for ryp > 0.6 pm. For xg < 0, the transverse is
opposite to that for xg > 0. Similar to the case of zeroth-order AGVBB, the transverse OTs
for y polarization rotate by 90° relative to that for x polarization, respectively. Furthermore,
vortex-like characteristics can be observed for circular, radial, and azimuthal polarization,
but they have different ranges. For right circular polarization, the vortex direction is
clockwise for 1y < 0.7 pm and anti-clockwise for rg > 0.7 um. For left circular polarization,
the vortex direction is always anti-clockwise. For radial and azimuthal polarizations, the
vortex direction is counter-clockwise for rg < 0.5 um, clockwise for 0.5 um < ry < 1 um, and
counter-clockwise for rg > 1 um.

In the effect of increasing the half-cone angle to &y = 80°, the transverse OTs is also
considered, and the corresponding results for / = 0 and [ = 1 are shown in Figures 12 and 13,
respectively. For larger ay, the transverse OT around the beam axis is much larger than that
far away from beam axis, so here, we only discuss the OT in the vicinity of the beam axis.
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For linear polarizations, the transverse OT does not have vortex-like character, which is
same with that for smaller ag. For circular, radial, and azimuthal polarizations, the vortex-
like character can be seen near the beam axis for both zeroth- and first-order AGVBBs.
The vortex direction for left circular polarization is counter-clockwise, while that for right
circular, radial, and azimuthal polarizations is clockwise.
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Figure 10. Transverse optical torque T; produced by a zeroth-order Bessel beam on a charged sphere
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Figure 13. The same as in Figure 12 but with [ = 1.

3.3. Effect of Surface Charge

In this section, the effect of surface charge on optical torque is mainly discussed. In
the calculation, the on-axis (xp = yp = 0) for a charged sphere centered on a Bessel beam
is considered. The refractive index of the particle is m; = 1.4746 + 10~7i, and that for the
surrounding media is m, = 1.0. The wavelength of the incident beam is A = 532 nm. Here,
only the axial OT component T} are considered.
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Figure 14 shows the axial OTs (1) versus surface conductivity o for particles placed
in a zeroth-order (I = 0) AGVBB. Various half cone-angle ay and size parameters ka are
considered, and o varies from 0 to 1. Note that here, only the results for circular polariza-
tions are given since the OTs for linear, radial, and azimuthal polarizations are zeros. For
linear polarizations, the beam carries neither spin nor orbital angular momenta; thus, no
angular momenta will be transferred from the beam to the particle, resulting in zero OTs,
while for radial and azimuthal polarizations, the axial OTs are zero since the beams have
null central intensities. For right circular polarization, the OTs are negative, while the OTs
for left circular polarization are positive. This means that the particle does not experience
negative axial OTs. With the increasing of o, the magnitude of T, increases first and then
continuously decreases. For all #y, the magnitude of T, increases with the size parameter
ka. For right circular polarization, the beam with larger ag produces larger OT, while for
left circular polarization, larger OT is produced by the beam with smaller «.

x10~31(a) right circular x10731 (b) left circular
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Figure 14. The plots for axial optical torque T of a charged sphere by a zeroth-order Bessel beam
Versus 0.

The effect of increasing the beam order to I = 1 on the OTs is depicted in Figure 15.
Figure 15a—f correspond to linear, circular, radial, and azimuthal polarizations. For right
circular polarization, the axial OT is zero. Since each photon of the beam carries both spin
angular momentum —# and orbit angular momentum 7, the total angular momentum
carried by the beam is 0, causing the axial OT to vanish. In general, for other polarizations,
the axial OTs are all positive. This means that the sphere spins in same handedness of the
angular momentum carried by the incident beam. For all cases, the magnitude of the axial
OTs increase first and then decreases until to 0. Note that the magnitude for left circular
polarization is about twice that for linear polarizations. This is caused by the fact that each
photon of a first-order Bessel beam with left circular polarization carries both spin angular
momentum / and orbit angular momentum 7, and the total angular momentum is 27. For
linear and circular polarizations, the OTs change with o0 and ka in the same rule. In other
words, the magnitude of OTs increases with the increasing of ay and ka, while for radial
and azimuthal polarizations, the magnitude decreases with «y and increases with ka.

For quantitatively investigating the effects of the surface charge on axial OT, we
calculated the ratio of axial OT T} for charged and neutral particles. The ratio is defined as
TS/ T}, with T¢ and T} denoting the OTs for charged and neutral spheres, respectively.

Figure 16 shows the ratio TS / T} for a zeroth-order (I = 0) AGVBB. Since the axial OT
for linear, radial, and azimuthal polarizations is 0, only the OTs for circular polarizations
are given in Figure 16. In the calculation, we consider relatively small particles, whose
size parameters ka range from 0.1 to 10. It can be noticed that for both right and left
polarizations, TS / T} decreases with the increase of ka. This means that the surface charge
mainly affects small particles since smaller particles have larger surface charge density.
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Once the particle is large enough, the effect can be ignored. In the meanwhile, we can find
that the half-cone angle «(y does not affect the ratio T / T}
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Figure 15. The same as in Figure 14 but with [ = 1.
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Figure 16. Ratio of axial optical torque for charged and neutral spheres illuminated by a zero-order
Bessel beam.

Figure 17 gives the ration T / T} for first-order (I = 1) AGVBB, where the Figure 17a—f
correspond to linear, circular, radial, and azimuthal polarizations. Note that since the axial
OT for right circular polarization the axial OT is zero, the corresponding ratio T; /T} is
not given in Figure 17. Similar to the case of zeroth-order (I = 0) AGVBB incidence, the
ratio T¢ / T} decreases with the increase of size parameter ka. For linear and left circular
polarizations, the ratios T; /T versus ka are similar, and the half-cone angle «( does not
affect the ratio. However, for radial and azimuthal polarizations, the half-cone angle «
has influence on the ratio. For instance, if the incident beam is radially polarized, the ratio
for a larger angle (xg = 80°) is larger than that for a smaller angle (xyp = 15°) when the size
parameter is small. This means a larger a( leads to greater effect of surface charge.
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Figure 17. The same as in Figure 16 but with I = 1.

4. Conclusions

In summary, the OTs on a charged sphere of arbitrary size by an AGVBB were in-
vestigated using GLMT. The axial and transverse components of the OTs were separately
discussed, and the sign reversal of axial OTs and the vortex-like characteristics of transverse
OTs were mainly discussed. To emphasize the effect of surface charge, the axial OT versus
surface conductivity os and the ratio T /T, versus ka were calculated. Numerical calcula-
tions lead to several conclusions: Like the case of neutral particle, the sign of the axial OT
can be reversed, and the vortex-like character of the transverse OT can be observed. The
axial OT sign reversal and vortex-like behaviors are highly sensitive to the polarization
type, order, and half-cone angle. Secondly, the surface charge does not affect the sign of the
axial OT but has strong effect on the magnitude of the axial OT. With the increasing of o,
the magnitude of the axial OT increases first and then continuously decreases. Thirdly, with
the increase of ka, the ratio T; /T}} decreases. This means that the surface charge mainly
affects the axial OT for a relatively smaller particle. Note that for a neutral particle, the
half-cone angle ag does not affect the ratio T{ / T}'. However, if a charged sphere is illumi-
nated by an AGVBB of radial or azimuthal polarizations, the ratio T; / T} is sensitive to ay.
The results reported here are valuable in predicting the OT sign reversal for a absorptive
charged sphere of any size in applications dealing with the design and optimization of
particle-manipulation devices. Other related applications can also benefit from the results
of the present investigation.
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