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ABSTRACT: This study investigates the light-induced magnetization distribution produced by a closely focused, azimuthally
polarized Laguerre-Bessel-Gaussian beam, which is superimposed with a helical phase and modulated by an optimized multi-
belt complex phase filter (MBCPF). Utilizing vector diffraction theory and the inverse Faraday Effect, we numerically analyze
the resulting magnetization patterns. Our findings reveal that by adjusting the radii of the complex phase filter's rings, various
novel magnetization focal distributions can be achieved. These include the formation of multiple sub-wavelength spherical
magnetization spots arranged in chains of two, three, five, and seven. These configurations are particularly suitable for
applications such as transporting multiple magnetic particles, storing multilayer magneto-optical data, developing ultra-
compact optomagnetic devices, and fabricating magnetic lattices for spin wave operations.
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1. INTRODUCTION

Research into atomic field and magneto-optical materials has
gained significant traction in recent years due to their
intriguing properties and potential applications in fields such
as atomic trapping, confocal microscopy, and all-optical
magnetic recording (AOMR) [1-4]. These applications
benefit from precise control over magnetic fields at
subwavelength scales, which can significantly enhance the
resolution and efficiency of various technologies. In AOMR,
for example, focusing a circularly polarized beam with a high
numerical aperture (NA) to produce light-induced
subwavelength magnetic spots has proven effective for
longitudinal magnetization recording [5-7]. However, the
presence of a transverse magnetization component, often
with a hollow shape, can degrade the quality of optical
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magnetic recordings [8—10]. Therefore, generating a pure
longitudinal magnetization field has become a critical focus
of recent research.

One promising approach involves the use of azimuthally
polarized beams. Jiang et al. [11] studied the suppression of
transverse magnetization fields by tightly focusing an
azimuthally polarized vortex beam, which showed effective
suppression of unwanted transverse components. Building on
this, Wang et al. [12] achieved a longitudinal magnetization
needle with an ultralong longitudinal depth of 7.48\ and a
subwavelength lateral size of 0.38L by using an annular
vortex binary filter. This configuration allowed for precise
control over the magnetization field, enhancing the
longitudinal component while minimizing the transverse one.
Ma et al. [13] further advanced this technique by developing
an annular phase filter specifically tailored for azimuthally
polarized vortex beams. They achieved a pure longitudinal
magnetization needle with a remarkable depth of 28A and a
lateral dimension of 0.27A, showcasing the potential for
highly refined magnetization control.

In addition to these advancements, Z. Nie et al. [14-15]
proposed a novel method for generating sub-wavelength pure
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longitudinal magnetization chains in the focal region. By
tightly focusing an azimuthally polarized Bessel-Gaussian
(BG) beam phase modulated by specially designed vortex
binary filters and using radially polarized vortex beams under
4Pi focusing, they were able to create a series of
magnetization spots with subwavelength precision. This
method allowed for the generation of a magnetization chain
with significant potential for various applications in magnetic
particle manipulation and high-density data storage.

Expanding on Nie's work, Liping Gong et al. [16]
demonstrated that by adjusting the phase difference between
two counter-propagating azimuthally polarized vortex beams
in a 4Pi system, the movement of the magnetization field
along the optical axis could be flexibly controlled. This setup
enabled the creation of a super-long (16A) magnetization
chain composed of 19 subwavelength (0.44)) longitudinal
magnetization fields within the focal volume. This innovative
approach highlighted the feasibility of generating extended
magnetization structures with precise control over their
spatial properties.

In this study, we propose a novel method for generating
an ultra-long focal depth subwavelength pure longitudinal
magnetic probe. Our approach utilizes an azimuthally
polarized Laguerre-Bessel-Gaussian (LBG) beam modulated
by specially designed complex phase filters. The LBG beam,
known for its unique propagation characteristics and ability
to maintain its shape over long distances, is ideal for creating
extended magnetization structures. By optimizing the design
of the complex phase filters, we can achieve multiple
magnetic spots with high precision and control.

The numerical analysis, conducted using vector
diffraction theory and the inverse Faraday Effect, reveals that
varying the radii of the complex phase filter's rings can
produce numerous novel magnetization focal distributions.
These include the formation of multiple magnetization chains
with two, three, five, and seven subwavelength spherical
magnetization spots. Such configurations are suitable for
transporting multiple magnetic particles, storing multilayer
magneto-optical data, developing ultra-compact
optomagnetic devices, and fabricating magnetic lattices for
spin wave operations.

The implications of this research are significant for the
fields of high-resolution magnetic recording, particle
manipulation, and the development of advanced magneto-
optical devices. The ability to generate and control
subwavelength magnetization fields with high precision
opens up new possibilities for enhancing the performance
and capabilities of various technologies. By leveraging the
unique properties of LBG beams and complex phase filters,
we can push the boundaries of what is achievable in magneto-
optical material research and its practical applications.

This study presents a comprehensive approach to
generating ultra-long focal depth subwavelength pure
longitudinal magnetic probes and multiple magnetic spots
using azimuthally polarized LBG beams. This method holds
promise for advancing the precision and effectiveness of
magnetization field generation, offering new opportunities
for high-precision magnetic recording, manipulation, and the

development of innovative optomagnetic devices.

2. THEORY

Figure 1 exhibits a schematic setup to generate the sub-
wavelength longitudinal magnetization chain for azimuthally
polarized Laguerre—Bessel-Gaussian beam. When an
incident Laguerre-Bessel-Gaussian beam is azimuthally
polarized, it passes through the spiral phase plate (SPP) and
transforms into an LBG beam. The SPP is a type of phase
encoding element that, at the beam cross section, delays the
incident beam's phase from 0 to 2w along the angular
direction. The incident beam through the filter at the back
aperture of the objective can be expressed as [17, 18]:
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According to the Richards and Wolf diffraction theory [18-

19], the electric field distribution in the focal region can be
expressed as:
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Here, A is the relative amplitude 7 ¢, and z are the cylindrical
coordinates in the focal space. Jy and J» denote Bessel
functions of the first kind. Equation (2) is represented in
cylindrical vector components and it indicates that the filter
transforms a beam with pure azimuthal polarization into a
beam with radial and azimuthal polarization components that
are essential to obtaining longitudinal magnetization at the
focus. Based on the IFE, the magnetization field induced by
tightly focusing azimuthally polarized beams with helical
phase near the focal point is defined as [15]:

M =iyExE" — (5)

where E is the electric field, E* is its conjugate, and vy is a real
constant proportional to the susceptibility of the material
[23-25]. By substituting Eqgs. (2) — (4) into Eq. (5), the
magnetization field can be given by:

M, = 27| A Re(l,» 1,) — (6)
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As described by Eqgs. (8), one can easily conclude that
the magnetization field induced by an azimuthally polarized
vortex beam with tight focus only has a longitudinal
component. Through the utilization of the MO film and the
azimuthally polarized beam with vortex phase, we are able to
manipulate the magnetization field distribution under close
focus. Additionally, we have refined the CPF to produce a
series of spherical multiple magnetization spots for multiple
magnetic particle trapping. The phase and amplitude
function 4(6) of the MBCPF is given by [26]:

0, for0<0<6,0,<0<0,,
MBCPF (0) =41, forg, <6 <6,,
—1forg, < @ < @ max

Where 6;, 0>, and 63 are radius of the first, second and
the third zones, respectively. A MBCPF is positioned at the
pupil plane, where the transmissions from the inner to the
outer zone belts are 0, 1, 0, and-1 respectively. In this instance,
we looked at the four belt CPF and the four angles that make
up the set of four focus patterns that are optimized using the
conventional global-search-optimization technique [26].
Utilizing this technique, we select a single structure with
arbitrary values for 01 through 63 from all potential
configurations and employ vector diffraction theory to model
their focusing characteristics. During the optimization
operations, the structure is selected as the initial structure if
it generates a sub wavelength single focal spot and meets the
limiting constraints that the Full With Half Maximum
(FWHM) of the generated magnetization segment is less than
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3. RESULTS AND DISCUSSION

A detailed analysis of the magnetization distributions
generated using an azimuthally polarized Laguerre-Bessel-
Gaussian (LBG) beam modulated by a multi-belt complex
phase filter (MBCPF). The numerical simulations used
parameters: NA=0.95, m =1, A =1, and a = arcsin (NA).
All lengths are normalized to A, and the energy density is
normalized to unity.

3.1. Two Magnetization Spot Segments

Figure 2(a) shows the magnetization distribution generated
by the high NA lens and MBCPF optimized with specific
angles. The result is two bright magnetization spots along the
z-axis. The r-z plane field distribution reveals two distinct
magnetization spots, each with sub-wavelength precision. As
shown in Figure 2 (a), an array of two magnetization spot
segments generated by the high NA lens and the MBCPF
with 8; = 52.73°, 0, = 54.45°, 03 = 55.60°, Omax = 71.65°,
respectively. Here the magnetic two bright spots in the z
direction. Figure 2(b) illustrates the longitudinal
distribution of these spots. The Full Width Half Maximum
(FWHM) of each spot is measured to be 0.27), and they are
axially separated by 4A. The depth of focus (DOF) for each
spot is 2.5A, highlighting the precision and confinement of
the magnetization spots. This precise axial spacing ensures
the magnetization spots do not interfere with each other,
maintaining high resolution. Figure 2(c) shows the lateral
distribution, confirming the sub-wavelength nature of the
magnetization spots. The compact and precise magnetization
distribution is ideal for applications requiring high spatial
resolution, such as magnetic recording and particle trapping.
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Fig. 1. Schematic setup to generate the sub-wavelength longitudinal magnetization chain for azimuthally polarized Laguerre—

Bessel-Gaussian beam.
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Fig. 2. Normalized magnetization distribution (a) through focus (r-z plane), (b) along the longitudinal direction, and (c) lateral

direction.

3.2. Three Magnetization Spot Segments

Figure 3(a) presents an array of three sub-wavelength
magnetization spots generated by another MBCPF
configuration. The spots have a FWHM of 0.37A and are
axially separated by 1.76\. This configuration demonstrates
the ability to create multiple tightly focused magnetization
spots, useful for applications requiring multi-point control.
Figure 3(b) shows the longitudinal magnetization
distribution, with each spot maintaining a consistent axial
intensity. The DOF for each spot is measured to be 2.9,
indicating a robust and stable magnetization chain. This
stability is crucial for applications in precise magnetic
manipulation. Figure 3(c) confirms the lateral distribution,
illustrating the uniformity and sub-wavelength precision of
the magnetization spots. The lateral confinement ensures that
the spots can be used for high-density magnetic storage and
multi-particle trapping without cross-talk between the spots.

3.3. Dual Trapping with Two Focal Spots

A set off angles of the MPCPF optimized to achieve the
above mentioned task are 0, = 13.18°, 0, = 44.88°, 03 =
55.60°, Omax = 71.65°, respectively. In order to achieve dual
trapping, we suggested a MBSPH optimized with angles are
01 =28.66°, B, =43.56°, 0; = 55.60°, and Opmax = 71.65°.
These angles are optimized based on the above —mentioned
method but with the limiting condition that the FWHM of the
generated focal segment is less than 0.6 Aand there should be
at least two such focal spots in the three focal segment. Figure
4(a) demonstrates the magnetization distribution for a
different MBCPF configuration optimized to generate two
sub-wavelength focal spots. Each spot has a FWHM of 0.31A
and a DOF of 1.23\. The spots are axially separated by 1.1A.
This configuration is optimized for dual trapping, providing
stable and precise trapping for particles.

a b C
2- 1 !
> oy
() 0- 3 ;
=3 0 5 -1 0 1 -5 0 5
2()) (A) z(2)

Fig. 3. Normalized magnetization distribution (a) through focus (r-z plane), (b) along the longitudinal direction, and (c) lateral

direction.
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Fig. 4. Normalized magnetization distribution (a) through focus (r-z plane), (b) along the longitudinal direction, and (c) lateral

direction.

Figure 4(b) shows the longitudinal distribution of the focal
spots, confirming their precision and separation. The close
spacing and stable DOF make this setup suitable for
applications requiring precise control over two particles
simultaneously, such as in quantum computing or high-
precision measurements. Figure 4(c) illustrates the lateral
distribution, indicating the stability and precision of the
generated magnetization spots. The dual focal spots are ideal
for applications requiring precise and stable trapping of
particles with high refractive indices, such as in optical
tweezers or nanofabrication.

3.4. Multiple Particle Trapping with Uniform Separation
Figure 5(a) shows the magnetization distribution generated

by another MBCPF configuration, optimized to create
uniformly separated focal spots. The array of two sub

wavelength focal spots segment generated by the high NA
lens for the MBSPH optimized with angles 6; = 11.46°, 6, =
24.64°, 03 = 55.65°, and Omax = 71.65°, respectively. Each
spot has a focal depth of around 1.2A. The uniform separation
ensures that each spot can be used independently without
interference from adjacent spots. Figure 5(b) presents the
longitudinal distribution, with each focal spot having a
FWHM of 0.32) and separated by 1.45A. The consistent axial
separation and uniform intensity of the spots highlight the
effectiveness of the MBCPF in generating multiple focal
spots. This setup is ideal for applications requiring precise
control over multiple particles. Figure 5(c) confirms the
lateral distribution, demonstrating the three-dimensional
trapping capability of the focal spots. The engineered
multiple focal spots can be used for multiple particle trapping,
manipulation, delivery, and self-assembly. This precise
control is crucial for advanced manufacturing processes and
scientific research involving complex particle interactions.
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Fig. 5. Normalized magnetization distribution (a) through focus (r-z plane), (b) along the longitudinal direction, and (c) lateral

direction.
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The magnetization distributions generated by the azimuthally
polarized LBG beam modulated by MBCPFs have been
successfully demonstrated through numerical simulations.
Each configuration showcased the ability to create precise
and stable magnetization spots with sub-wavelength
resolution. The results validate the potential of using such
setups for high-resolution magnetic recording, precise
particle trapping, and advanced optomagnetic applications.
The successful application of the MBCPF configurations
highlights their versatility and effectiveness in controlling
magnetization distributions. The ability to generate multiple
magnetization spots with precise control over their separation
and intensity opens up new possibilities in various fields,
including data storage, quantum computing, and biomedical
applications. The findings underscore the potential of
computationally optimized phase filters in advancing
optomagnetic technologies and improving the performance
of devices that rely on precise magnetization control.

4. CONCLUSION

In conclusion, the use of inverse Faraday effect (IFE) and
vector diffraction theory has enabled the creation of light-
induced longitudinal magnetization chains. By employing
tightly focused Laguerre-Bessel-Gaussian beams with
azimuthal polarization through a high numerical aperture
focusing mechanism, we have successfully demonstrated a
novel approach to study the total magnetization intensity
distribution in the focal region. This research presents a new
method to generate multiple magnetization spot segments at
sub-wavelength scales by designing appropriate diffractive
optical elements. The results showcase the potential of these
configurations for various advanced applications, including
multilayer magneto-optical data storage, ultra-compact
optomagnetic devices, magnetic particle trapping and
transportation, and the fabrication of magnetic lattices for
spin wave operations. Additionally, the findings have
significant implications for enhancing techniques in confocal
and magnetic resonance microscopy. The proposed approach
demonstrates the effectiveness and versatility of using
azimuthally polarized Laguerre-Bessel-Gaussian beams in
conjunction with complex phase filters, opening new
avenues for precise and efficient manipulation of
magnetization fields in various scientific and industrial
applications.
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