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Abstract
In this article, magnetic field distribution and energy flux near the focus of an tight focused
of azimuthally polarized Gaussian beam with nested pair of vortices is investigated
theoretically by vector diffraction theory. Results show that the magnetization field
distribution in the focal region can be altered considerably through phase modulation and by
changing location of the vortices nested in the azimuthally polarized Gaussian Beam. It is
also observed that for well optimized phase filter in the pupil plane, one can tune the
magnetization field distribution from a twin splitted central null shaped into flattop profile
and then to sharper focus upon suitably positioning the vortex pair nested in the Gaussian
beam. The calculated energy flow pattern reveals that the total poynting vector is dominated
by the transverse component when the distance between the vortex pair are small whereas it
is dominated by longitudinal component when it is increased.
Keywords
Pair of Vortices, Focusing properties, Vector diffraction theory, Inverse Faraday Effect, High
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1. Introduction

Recently, the manipulation of the electric field and polarization near the focus of
high-numerical-aperture (NA) optical systems has attracted significant attention due to its
wide range of applications, including optical trapping and particle manipulation [1-2], high-
resolution microscopy [3], optical data storage [4], and electron acceleration [5]. Numerous
approaches have been proposed to engineer focal fields, such as the introduction of amplitude
and phase modulations, enabling the generation of sharper focal spots [6—7], multiple focal
spots [8—11], flat-top focal distributions [12], optical chains [13—14], optical channels [15—
16], and optical cages [17]. However, several emerging applications—such as magnetic
resonance microscopy [20], magneto-optical data storage [21], atom trapping [22], and all-
optical magnetic recording [23]—critically rely on the magnetic field distribution in the focal

region of high-NA focusing systems. In this work, we propose a method to tailor the
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magnetic field distribution near the focus of a tightly focused azimuthally polarized Gaussian
beam embedded with a pair of optical vortices. By employing appropriate phase modulation
and precisely tuning the separation between the vortex pair, controllable magnetization field

distributions in the focal region are achieved.

High NA lens

Azimuthally Polarized
Vortex Pair

Figure 1.1llustration of a high-numerical-aperture system.

2. Theory

The polarization state of light can be represented mathematically as a linear combination of
two mutually orthogonal basis vectors. In the case of a generalized cylindrical vector (CV)
beam, the state of polarization is formulated as a superposition of these orthogonal

components. [24].

A
E0 = —O{exp[i(ng- (/)0)]6,, +exp[—i(p+ (pO)]el} = A0 [cos((p + (po)ex +cos(p+ (po)ey} -

[\S)

Here, A0 is a constant amplitude factor, ¢ denotes the azimuthal angle, and ¢$0 represents
the initial phase. The vectors er and el correspond to the unit vectors of right-handed and
left-handed circular polarization, respectively, whereas ex and ey denote the unit vectors
associated with linear polarization along the x- and y-axes. For the incident optical field
defined in Eq. (1), the resulting three-dimensional electric and magnetic field distributions in

the focal region can be obtained within the cylindrical coordinate framework (r, @, z) as [25]

E(rd.)|_=ikf 42 = o M|
{H(r,¢,z)}_7(j)(j) cos@l(&)sm&{MH}exp(szDf)dego—>(2)

In this formulation, the wave number is defined as k=2n/A where A denotes the free-space

wavelength. The parameter f represents the focal length of the objective lens. The maximum
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convergence angle is given by o= arcsin(NA/n) with the numerical aperture NA=0.9 and the
refractive index in the image space n=1. The angles 0 and ¢ correspond to the polar (with respect
to the z axis) and azimuthal (with respect to the x-axis) directions, respectively. The vectors Mg and
My denote the electric and magnetic polarization components of the propagating field in the image
space. The unit wave-vector direction is expressed as; ko = (-sin cosp, -sinfsing, cosf) An
arbitrary point in the image space is described by the position vector r = (rcos¢, rsing, z) while,
[(6) represents the relative amplitude distribution of the incident optical field at the entrance pupil.
For a pair of optical vortices with topological charge m=1, symmetrically positioned located at
x=+a, within the transverse plane of a Gaussian host beam, the resulting electric field in cylindrical

coordinates (7, ¢, ) can be written as [26].

1(0) = exp(—rjj [r exp(i(p)— d] [r exp(z’(p)+ d] ->(3)

Where @ =w0/r0 is called relative waist » and ¢ correspond to the radial coordinate and
azimuthal angle in a polar coordinate system, respectively. The parameter w0 is a constant
that defines the beam waist. The separation between the two vortices is controlled by the
parameter aaa. When a=0, the vortices coincide, and the resulting beam reduces to a single
vortex beam with a topological charge m=2. The Electric and magnetic polarization vectors

in terms of Mg and My can be respectively derived as

Mﬁ —singoosin(p+cosg00cosﬁcos¢ Ml)f] —cosgoosingo—singoocosﬁcosgo
£
ME: g = sin¢ocos¢+cos¢ocosﬁsin(o MH: — M]y{ = cosgoOCOS(p—singoOcosHsingo
Mé cosgoosinH " MIZ_] —singoosinﬁ

where, ¢ and p the dielectric permittivity and magnetic permeability of the image space be
denoted by the relevant material parameters. Using the three-dimensional electric and
magnetic field vectors, the energy flow is characterized by the time-averaged Poynting

vector. [25]:
C
Pa gRe(Ex H*)

in this context, the asterisk indicates complex conjugation. Using this definition, the magnetic
field distribution and the associated energy flow in the focal region of tightly focused

circularly polarized beams can be determined.

3. Results and discussion
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Without loss of generality and validity, it is proposed that the parameters are chosen as A =
632.8 nm, w =2 mm, f =2 mm, NA= 0.9, m = 1.In order to achieve splitting of magnetization
focal segment a three belt binary phase optical element is introduced into the optical focusing

system. The transmission function 7(0) of the specially designed three-belt filter is written as

1, for0<0<86,,0, <0<6 s
T(6) = 72 max
—1fort91 <f< 92

the angles 81 and 0, corresponding to two radial positions 11 and r2(ri =sinfi/NA, i =1, 2),
respectively. Our aim is to search an optimum set of parameters {ri, 0;} to satisfy the above
goals by virtue of a series of iterative process. We here give an optimized example that is
characterized by the following two angles 0:=5.43" and 6,=35.36" and the corresponding
radial positions are given by r1=0.0996 and r2=0.6092, respectively. The effect of location of
the vortices on the beam pattern in the focal region is shown in fig (2). It is observed that
when a=0, the vortex overlaps each other and generates beam with topological charge m= 2.
The corresponding magnetization intensity generated is found to be a splitted magnetization
hole with null intensity at the centre separated by distance of 1.5, having a FWHM of 0.76\
and depth of focus around 1.1A for each is observed. However setting a=0.31, an axially
splitted magnetization flattop profile separated by a distance of 1.2A with FWHM of 0.852A
and focal depth of 1.3\ are observed. Further increasing a to 0.8 makes magnetization spots
sharper with radial FWHM as 0.32A and its corresponding depth of focus as 1.1A is obtained.
Thus it is noted that Increase location of the vortices continuously, the magnetization pattern

changes considerably.
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Fig. 2 Magnetization distributions in the focal plane as a Gaussian beam with a pair of
vortices of same charges focused by a high NA objective. (a) a = 0; (b) a = 0.31w; (c) a =

0.8w. The other parameters are chosen as /. = 632.8 nm, w =2 mm, f =2 mm, NA= 0.95.
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Figure 3 shows the normalized Poynting vectors in the through-focus plane

The study of energy flow in the focal region of an aplanatic optical system has always
attracted research interest [27-28] due to the potential applications like manipulating
and transporting absorptive particles. Figure (3) shows the energy flow pattern along the
focus for the after mentioned cases. The upper and middle rows respectively shows the
transverse and longitudinal components of the normalized Poynting vectors whereas the last
row shows the total energy flow. We noted that for all the cases considered 1.e a=0, 0.31 and
0.8, the transverse and longitudinal components of the normalized Poynting vectors exhibits
dual hollow shaped pattern. We noted that transverse energy flow is reversed before and after
the focus and its found to be inwardly and outwardly along the radial direction, the condition
which in general transports absorptive particles in the optical axis or away from it. It is also
noted that when the=0 and 0.31 the total pointing vector is dominated by the transverse
component whereas it is dominated by longitudinal component when a=0.8.

4. Conclusion

In conclusion, a new method to manipulate magnetization focal pattern utilizing tightly

focused phase modulated azimuthally polarized Gaussian beam nested with a pair of vortex

VOL 57 : ISSUE 2 - 2026 PAGE NO: 31



JZU NATURAL SCIENCE ISSN : 1671-6841

is demonstrated numerically on the basis of Vector Diffraction Theory. Results show that the
magnetization field distribution in the focal region can be altered considerably through phase
modulation and by changing location of the vortices nested in the azimuthally polarized
Gaussian Beam. It is also noted that the total poynting vector is dominated by the transverse
component when the distance between the vortex pair are small whereas it is dominated by

longitudinal component when it is increased.
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