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According to the vector diffraction theory and the inverse Faraday effect, this paper explores the
light-induced magnetization field distributions of azimuthally polarized Laguerre-Gaussian beams
in a 4rn focusing system modulated by adjusting convergence angles for each zone of the binary
optical elements. The findings demonstrate that a dumbbell shaped magnetic chain can be obtained
by changing the value of the truncation parameter f in a one-belt optical element. By changing the
width of the central zone in the two-belt optical element, the position of the magnetic chain can
be flexibly changed, and by changing the width of the middle annular zone in the three-belt optical
element, an ultra-long magnetic chain can be obtained. Moreover, the five-belt optical element will
have an impact on the distance between magnetization spots and changing the five-belt optical el-
ement can change the length and number of magnetic chains. These unique magnetization field dis-
tributions may find potential applications in atom control, all-optical magnetic recording, magnetic
resonance microscopy and magneto-optical data storage.
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1. Introduction

Laguerre—Gaussian beams, also known as multi ring beams, have attracted the atten-
tion of many researchers due to their unique characteristics [ 1-6]. GHOTRA et al. studied
the self-focusing characteristics of Laguerre—Gaussian laser beams in collision free
Gaussian plasmas, and the results showed that low order Laguerre—Gaussian laser
beams have better focusing characteristics [7]. ALKELLY ef al. found that azimuthally
polarized Laguerre—Gaussian vortex beams exhibit different focal shapes when inter-
acting with different optical components [8]. PAN et al. found through their research
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that the modulation of Gaussian beams through helical phase plates is suitable for gen-
erating Laguerre—Gaussian beams with low topological charges [9]. YUWEN et al.
found that fractional order vortex beams can damage the annular structure of Laguerre
—Gaussian beams [10]. YANG et al. studied the electric field distribution of azimuthally
polarized Laguerre—Gaussian beams under different conditions in a 4w focusing sys-
tem [11].

Since JIANG et al. discovered that combining azimuthally polarized beams with hel-
ical phase can generate sub wavelength pure longitudinal magnetization fields at the
focal plane [12], more and more researchers have invested in related research [13-15].
NIE et al. investigated the photo induced magnetization characteristics of a 4w compact
focusing system illuminated by two backpropagating radially polarized hollow Gaussian
vortex beams. The results showed that spherical and subwavelength longitudinal mag-
netization can be achieved by adjusting the beam order and truncation parameters [16].
GONG et al. used an azimuthally polarized beam to form an ultra-long magnetic chain
under the condition of a 41 compact focusing system, and calculated the magnetic force
of the azimuthally polarized beam on magnetic particles [17]. Luo et al. generated high
-purity magnetic needles with arbitrary orientation control and orthogonal orientation
magnetic needle arrays by reverse calculating the far-field radiation field of electric
dipole arrays [18]. However, there is limited research on the magnetization distribu-
tions of azimuthally polarized Laguerre—Gaussian beams in a 47 focusing system.

In this paper, we selected azimuthally Laguerre—Gaussian polarized beams. We
have achieved progress by modulating tightly focused azimuthally polarized Laguerre
—Gaussian beams, and have generated magnetization needle chains with a long focal
depth and magnetization needles with a high aspect ratio. This was accomplished
through the employment of multi-belt binary optical elements, variation of element de-
signs, and modulation of Laguerre—Gaussian beam parameters. These synergistic ef-
fects allow us to achieve a gradual increase in both the number of magnetization spots
and the length of the magnetic chain. Moreover, the size and depth of each magneti-
zation spot, as well as the distance between different spots, can be precisely controlled.
This enables the flexible adjustment of the magnetization chain position, thereby
achieving the goal of capturing multiple particles

2. Theory

Figure 1 shows a schematic diagram of a typical 4x focusing system. Two counter-
propagating azimuthally polarized Laguerre—Gaussian (LG) beams pass through a bi-
nary optical element and then focused by two high numerical apertures, and finally
converge on a magneto-optical (MO) film with IFE.

Five concentric zones make up the binary optical element: center zone, first annular
zone, second annular zone, third annular zone and outer annular zone. For the conven-
ience of calculation, we define a, b, ¢, d, and 1 as the ratio of convergence angles in
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Fig. 1. System structure diagram.

Fig. 2. Binary optical element illustration.

different regions to normalize the maximum convergence angle 6,,,. . The structure of
the binary optical element is illustrated in Fig. 2. The variables a, b, ¢, and d can be
modified to form optical elements with different numbers of belts.

In the focusing optical system, the incident beam is an azimuthally polarized
Laguerre—Gaussian beam and the relative amplitude of it can be written in the form:

. .2 . 2
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where L% is the Laguerre polynomial with radial and angular mode numbers equal to 1,
6 is the convergence angle, and 6 € [0, arcsin(NA)]. NA is the numerical aperture of
this focusing system and the maximum convergence angle is 0,,,, . f is the truncation
parameter, which denotes the ratio of the pupil radius to the beam waist. It is important
to note that £ should be greater than 1 to ensure proper beam truncation. According to
the vectorial diffraction theory [19-20], the electric field distribution of azimuthally
polarized Laguerre—Gaussian beam modulated by binary optical element can be rep-
resented as:

E, -1
E(r0.2) = |E,| = 4|1, @)
E 0

with [; (i = 1 and 2) are three integrals of

max

P(@)E(H)A/cosﬁsinQ[Jz(krsinQ) + Jo(krsinQ)} exp (ikzcos0)do
(3)

0
[1(7", (/)52) :J-
0

Li(r,0,z) = J‘:maXP(Q)E(H)A/cosﬁsinﬁ[Jz(krsinG) —Jo(krsiHQ)} exp(ikzcosf)do
4

where r, ¢ and z are the cylindrical coordinates, k = 2rn/A is called wavenumber and
Jy s the Oth-order Bessel function of the first kind and J, is the 2nd-order Bessel func-
tion of the first kind. 4 is the wavelength of the incident beam and 4 is the amplitude
constant. The P(€) denotes the transmittance function of the binary optical element.
The electric field near the focus of the 4w focusing system can be described as:

E(l", o, Z) = E](V’ o, Z)+E2(*I", o, 72) (5)

where E, is the total electric field focused by the left objective lens and E, is the total
electric focused by the right objective lens. The negative signs of  and z in E, indicate
that the instantaneous polarization direction and propagation direction of the two in-
cident azimuthally polarized Laguerre—Gaussian beams are opposite, respectively.
Based on the inverse Faraday effect [21-22], the magnetization field induced by azi-
muthally polarized Laguerre—Gaussian beams in the vicinity of the focal point is de-
fined as

M(r, ¢,z) = iyEx E* (6)

with y is a magneto-optical constant, E is the electric field, and E* is its conjugate. By
substituting Eq. (1) and Egs. (3)—(5) into Eq. (6), one gets
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M(r, @, z) =

= = =

0
= . (7)
Re{ []l(r, ¢, z) + 1,(-, o, fz)J [Iz(r, ¢, z) + 1, (-1, 9, fz)} }

According to Eq. (7), the magnitude of total magnetization is calculated as M = M
and it can be concluded that the magnetization field generated by azimuthally polarized
beams in a 47 focusing system only has a longitudinal component, which is a pure lon-
gitudinal magnetization field.

3. Numerical results

The distributions of magnetization on the focal plane under various values of a, b, c,
and d are simulated in accordance with the formulas above. In this article, the param-
eters are selected as follows: the numerical aperture of the focusing optical system
NA = 0.95 and the wavelength 4 = 633 nm.

Firstly, we investigate the effect of truncation parameter f on magnetization dis-
tributions. Figure 3 illustrates the magnetization distributions when a =b=c =0,
d =1 and different f. The binary optical element at this time is a one-belt optical ele-
ment. The transmission function P(6) at this point can be expressed as:

PO)=1, 0 € [0, O] ®)

When g = 1, the magnetization spot with the highest magnetization intensity is located
at the focal point, and the two weak magnetization spots are symmetrically distributed,
as shown in Fig. 3(a). When g = 2.5, the magnetization intensity of the central mag-
netization spot decreases, while the magnetization intensity of the weak magnetization
spots on both sides of the central magnetization spot increases and exceeds the mag-
netization intensity of the central magnetization spot, and more symmetric weak mag-
netization spots appear, as shown in Fig. 3(b). When f=4.5, the magnetization
intensity of the magnetization spots near the central magnetization spot becomes
smaller, and more magnetization spots appear on both sides, with the magnetization
intensity of these magnetization spots gradually increasing, as shown in Fig. 3(c).
Overall, a dumbbell shaped magnetic chain has been formed. When f = 5, the length
of the magnetic chain continues to increase, as shown in Fig. 3(d). It can be seen that
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Fig. 3. Normalized magnetization distributions when a=b=c=0,d=1, and (a) f=1, (b) f=2.5,
(c)p=4.5,and (d) p=5.
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Fig. 4. Normalized magnetization distributions curves along the z-axisatx =0 whena=b=c=0,d =1,

and () f=1, (b) f=2.5, (c) f=4.5, and (d) B = 5.
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the value of f will affect the magnetization intensity of each magnetization spot. As
p gradually increases, the number of magnetization spots will gradually increase, and
the length of the magnetic chain will also gradually become longer.

Figure 4 shows the normalized magnetization distribution curves along the z-axis
atx =0 whena=b=c=0,d=1 and different £, which intuitively illustrates the es-
timated size and depth of each magnetization spot, as well as the distance between dif-
ferent magnetization spots.

Then, we change the binary optical element to a two-belt optical element. Figure 5
illustrates the magnetization distributions when a = b =c¢ =0, f = 4.5 and different d.
The transmission function P(6) at this point can be expressed as:

P(«9)={1’ Oelldbnd 401 )
0, 6eldo

max? emax]

When d = 0.4, the magnetization intensity of the magnetic spot near the geometric focal
point of the optical axis is extremely small, forming two symmetrical magnetic chains
along the optical axis, as shown in Fig. 5(a). When d increases from 0.5 to 0.7, the mag-
netization intensity of the magnetic spot near the geometric focal point of the optical
axis gradually increases, and at the same time, the two symmetrical magnetic chains
in Fig. 5(a) tend to form one magnetic chain, as shown in Fig. 5(b)—(d). When d is
small, the magnetization distribution forms two magnetic chains. As d increases, the
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Fig. 5. Normalized magnetization distributions whena=b=c=0, f=4.5, and (a) d=0.4, (b) d=0.5,
(¢)d=10.6,and (d) d=10.7.
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two magnetic chains gradually approach and tend to form one magnetic chain. From
this, it can be seen that the position of the magnetization chain can be flexibly adjusted
to achieve the goal of capturing multiple particles.

Figure 6 shows the normalized magnetization distribution curves along the z-axis
atx = 0whena=b=c=0,p=4.5 and different d, which intuitively illustrates the es-
timated size and depth of each magnetization spot, as well as the distance between dif-
ferent magnetization spots.
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Fig. 6. Normalized magnetization distributions curves along the z-axis at x=0 when a=b=c=0,
p=4.5,and (a) d=0.4, (b) d=0.5,(c) d= 0.6, and (d) d=0.7.

Next, the binary optical element is set as a three-belt optical element. Figure 7 il-
lustrates the magnetization distributions when a = b = ¢ = 0.785, f = 4.5, and differ-
ent d. The transmission function P(6) at this point can be expressed as:

0, 0el0,a0,,]
PO) =11, 0elab,,,,do
0, 0eldf, 1]

a,d e (0,1) (10)

max] ’

When d = 0.79, a super long magnetic chain is formed, which contains 21 magnetiza-
tion spots, as shown in Fig. 7(a). When d = 0.85, the magnetization intensity of mag-
netic spots far from the focus decreases, as shown in Fig. 7(b). When d increases from
0.9 to 0.985, while the magnetization intensity of the magnetization spot further away
from the focus continues to decrease, the length of the magnetic chain also gradually
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Fig. 7. Normalized magnetization distributions when a=5=c¢=0.785, f=4.5, and (a) d=0.79,
(b) d=0.85, (c) d=0.9, and (d) d = 0.985.

decreases, as shown in Figs. 7(c) and (d). In summary, it can be seen that as the width
of the middle annular zone gradually increases, the length of the magnetic chain grad-
ually shortens, and the magnetization intensity of each magnetization point also grad-
ually decreases.

Figure 8 shows the normalized magnetization distribution curves along the z-axis
atx =0 when a =b=c=0.785, f = 4.5, and different d, which intuitively illustrates
the estimated size and depth of each magnetization spot, as well as the distance between
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Fig. 8. Normalized magnetization distributions curves along the z-axis at x =0 when a =b = ¢ =0.785,
p=4.5,and (a) d=0.79, (b) d=0.85, (c) d= 0.9, and (d) d = 0.985.

different magnetization spots. Specifically, Fig. 7 forms a 164 long magnetization
chain consisting of 21 identical magnetization spots, with each spot having a transverse
width of 0.774, a longitudinal width of 0.784, and a distance of 0.754 between adjacent
magnetization spots.

In order to further investigate the influence of the width of different zones on mag-
netization distributions, we further change the binary optical element to a five-belt
optical element. Figure 9 illustrates the magnetization distributions when a = 0.1,
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d=0.9, p=4.5 and different b and c. The transmission function P(6) at this point can

be expressed as

P(0) = <0,

0 €[0,a0,,]
0 € lab,,, bO
0 € [b0 > O]
0e[cl,,d0
6eldb 1]

max?

max ]

a,d,c,d e(0,1) (11)

max ]

When b =0.15 and ¢ = 0.85, the magnetization spot reaches its maximum value at the
focal point, while other weak magnetization spots are symmetrically distributed, as
shown in Fig. 9(a). When b = 0.2 and ¢ = 0.8, the magnetization intensity of the weak
magnetization spots on both sides gradually decreases, and the overall length of the
magnetic chain also shows a trend of shortening, as shown in Fig. 9(b). When 6 = 0.3
and ¢ = 0.7, the magnetization intensity of the magnetic spot at the focal point decreas-
es, and two magnetization chains gradually form on both sides of the focal point, as
shown in Fig. 9(c). When b = 0.4 and ¢ = 0.6, the magnetization spot at the focal point
completely disappears, while the lengths of the two magnetization chains gradually
shorten, as shown in Fig. 9(d). It can be seen that when the width of the zones with
P(6) =1 is small, the magnetization distribution still follows a magnetization chain,
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Fig. 9. Normalized magnetization distributions when a =0.1,d = 0.9, f =4.5, and (a) b = 0.15, ¢ = 0.85,
(b)b=02,c=0.8,(c)b=0.3,c=0.7,and (d) b=0.4, c=0.6.
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Fig. 10. Normalized magnetization distributions curves along the z-axis at x =0 when ¢ = 0.1, d= 0.9,
p=4.5,and (a) b=0.15,¢=0.85(b) b=0.2,c=0.8,(c) b=0.3,c=0.7,and (d) b= 0.4, c = 0.6.
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Fig. 11. Normalized magnetization distributions when  =4.5 and (a) a =0.02, » =0.49, ¢ = 0.51, and
d=0.98, (b) a=0.04, b=0.45, c=0.55, and d=0.96, (c) a=0.1, b=0.45, c=0.55, and d=10.9,
(d)a=02,b=04,c=0.6and d=0.8.
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and as the width gradually increases, the magnetization distribution tends to evolve
into two magnetization chains.

Figure 10 shows the normalized magnetization distribution curves along the z-axis
atx =0 when a=0.1,d=0.9, f=4.5, and different b and ¢, which intuitively illus-
trates the estimated size and depth of each magnetization spot, as well as the distance
between different magnetization spots.

Figure 11 illustrates the magnetization distributions when £ = 4.5 and different a,
b, ¢, and d. The transmission function P(8) at this point can be expressed as

1, 0¢€][0,a0,,.]
0, 0¢lab,,,bo,.]
PO) =<1, 0elbl,,.cO.] adcde(01) (12)
0, Oelcl,,,d0,,]
1, 0eldl_,.,1]

When a =0.02, b =0.49, ¢ =0.51, and d = 0.98, the magnetization distribution still
forms a magnetic chain, as shown in Fig. 11(a). As the width of the three zones with
P(6) = 1 gradually increases, the magnetic chain shows a trend of gradually shortening,
as shown in Fig. 11(b)—(d).
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Fig. 12. Normalized magnetization distributions curves along the z-axis at x =0 when f=4.5, and
(@)a=0.02, 6=0.49, c=0.51, and d =0.98, (b) a =0.04, b =0.45, ¢ =0.55, and d = 0.96, (c) a=0.1,
b=0.45,¢=0.55,andd=0.9,(d)a=0.2,b=0.4,¢c=0.6,and d = 0.8.
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Figure 12 shows the normalized magnetization distribution curves along the z-axis
at x = 0 when f = 4.5 and different a, b, ¢ and d, which intuitively illustrates the esti-
mated size and depth of each magnetization spot, as well as the distance between dif-
ferent magnetization spots.

The results of Figs. 9 and 11 indicate that when the structure of the five-belt optical
element is changed, the distance between adjacent magnetization spots changes, and
the length and number of magnetization chains are affected by the width of the zones
with P(8) = 1.

4. Conclusions

This paper investigates the distributions of magnetization on the focal plane of azi-
muthally polarized Laguerre—Gaussian beam modulated by binary optical elements in
a4mhigh NA focusing system. The findings indicate that whena = b =c=0,andd = 1,
the value of f will affect the magnetization intensity of each magnetization spot. As
p gradually increases, the number of magnetization spots will gradually increase, and
the length of the magnetic chain will also gradually become longer. When a =b =
=c=0, p=4.5, and d=0.4, the magnetization distribution forms two magnetic
chains. As d increases, the two magnetic chains gradually approach and tend to form
one magnetic chain. When a = b = ¢ = 0.785, f = 4.5, and the width of the middle an-
nular zone gradually increases, the length of the magnetic chain gradually shortens,
and the magnetization intensity of each magnetization point also gradually decreases.
When £ = 4.5 and the binary optical element is a five-belt optical element, the distance
between adjacent magnetization points increases, and the length and number of mag-
netization chains are affected by the width of the zones with P(6) = 1. Overall, these
unique magnetization field distributions may find potential applications in atom con-
trol, all-optical magnetic recording, magnetic resonance microscopy and magneto-op-
tical data storage.

Funding
This work was supported by the Ministry of Science and Technology of the People’s Republic of China
(2021YFF0600204).

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be
obtained from the authors upon reasonable request.

Declarations
The authors declare no conflicts of interest.

References

[1] SGH S.K., ApacHr Y., KinasH K., Tsutsumi N., Sakal W., JAckIN B.J., Tailoring large asymmetric
Laguerre-Gaussian beam array using computer-generated holography, Photonics, 10(3), 2023: 247.
https://doi.org/10.3390/photonics10030247



Light-induced magnetization field distributions... 217

[2] PancHAL P., NaIK D.N., NARAYANAMURTHY C.S., Insensitivity of higher order topologically charged
Laguerre-Gaussian beams to dynamic turbulence impact, Optics Communications, 495, 2021:
127023. https://doi.org/10.1016/j.optcom.2021.127023

[3] LiJ., GuaN W.H., Yuan S., ZHAO Y.N., SUN Y.P., Lu J.C., Laser shaping and optical power limiting
of pulsed Laguerre-Gaussian laser beams of high-order radial modes in fullerene C60, Chinese
Physics B, 32(2), 2023: 024203. https://doi.org/10.1088/1674-1056/ac70b6

[4] MABENA C.M., Analytical analysis of the beam propagation factor of elegant Hermite-Gaussian and
elegant Laguerre-Gaussian beams with astigmatism, Optics Communications, 550, 2024: 129933.
https://doi.org/10.1016/j.optcom.2023.129933

[5] Zuana J.L., WaNG M.J., WanG W.R., HuanG C.J., Phase variation of Laguerre-Gaussian vortex
beams in a homogeneous atmospheric medium under finite amplitude acoustic wave perturbation,
Physica Scripta, 99(1), 2024: 015506. https://doi.org/10.1088/1402-4896/ad0a25

[6] N1 L.L., CuaNG S.T., Xi1a H.J., Measuring topological charge of Laguerre-Gaussian beams with
a Y-shaped aperture, IEEE Photonics Technology Letters, 35(12), 2023: 676-679. https://doi.org/
10.1109/LPT.2023.3270200

[7] GHoTrA H.S., SINGH L., Self-focusing of low order LG laser beam in Gaussian plasma, Laser Physics
Letters, 20(9), 2023: 096001. https://doi.org/10.1088/1612-202X/ace9ca

[8] ALKELLY A.A., AL-AHSAB H.T., CHENG M.J., LoomaN 1.G.H., Tight focusing of azimuthally polarized
Laguerre-Gaussian vortex beams by diffractive axicons, Physica Scripta, 99(2), 2024: 025508.
https://doi.org/10.1088/1402-4896/ad1958

[9] PaNn X.J., Wu .Y, L1 Z.L., ZuanG C.F., DeEnG C.J., ZHANG Z., WEN H.P., Gao Q.G., YANG J.J,
Y1Z.C., Yu M., Livu L M., Cu1 F., Bai P.F., Laguerre-Gaussian mode purity of Gaussian vortex
beams, Optik 230, 2021: 166320. https://doi.org/10.1016/].ijle0.2021.166320

[10] YuweN X.Y., REN R., WANG Y.L., Intensity interference characteristics of fractional Laguerre
-Gaussian optical vortex, Journal of Optics, 23(11), 2021: 115607. https://doi.org/10.1088/2040
-8986/ac2bf7

[11] Yanc Y.F,, Yan XY, HE Y., DuaN H.H., L1 L.L., Generating and converting special focal field
patterns in a 4Pi focusing system illuminated by azimuthally polarized vortex beam, Optical Review,
29, 2022: 320-326. https://doi.org/10.1007/s10043-022-00748-x

[12] JianG Y.S, L1 X.P., Gu M., Generation of sub-diffraction-limited pure longitudinal magnetization
by the inverse Faraday effect by tightly focusing an azimuthally polarized vortex beam, Optics Let-
ters, 38(16), 2013: 2957-2960. https://doi.org/10.1364/0OL.38.002957

[13] NiE Z.Q., DING W.Q., SHI G., L1 D.Y., ZHANG X.R., WANG Y.X., SONG Y.L., Achievement and steer-
ing of light-induced sub-wavelength longitudinal magnetization chain, Optics Express, 23(16),2015:
21296-21305. https://doi.org/10.1364/0E.23.021296

[14] WanG S.C., L1 X.P., ZHou J.Y., Gu M., Ultralong pure longitudinal magnetization needle induced
by annular vortex binary optics, Optics Letters, 39(17), 2014: 5022-5025. https://doi.org/10.1364/
0L.39.005022

[15] Yan W.C., Lin S.R., Lin H., SHEN Y., NIE Z.Q., Jia B.H., DENG X.H., Dynamic control of magnet-
ization spot arrays with three-dimensional orientations, Optics Express, 29(2), 2021: 961-973.
https://doi.org/10.1364/0OE.412260

[16] Nie Z.Q., DiIng W.Q, L1 D.Y, ZHaNG X.R., WANG Y.X., SONG Y.L., Spherical and sub-wavelength
longitudinal magnetization generated by 4w tightly focusing radially polarized vortex beams, Optics
Express, 23(2), 2015: 690-701. https://doi.org/10.1364/0OE.23.000690

[17] GonG L., WaNG L., Zau Z.Q., WaNG X.L., ZHao H., Gu B., Generation and manipulation of super
-resolution spherical magnetization chains, Applied Optics, 55(21), 2016: 5783-5789. https://
doi.org/10.1364/A0.55.005783

[18] Luo J.J., Zuang HW., WaNG S.C., SHI L, ZHu Z.Q., Gu B., WaNG X.L., L1 X.P., Three-dimensional
magnetization needle arrays with controllable orientation, Optics Letters, 44(4), 2019: 727-730.
https://doi.org/10.1364/0OL.44.000727



218 CHUNDI ZHENG et al.

[19] Wolf E., Electromagnetic diffraction in optical systems. I. An integral representation of the image
field, Proceedings of the Royal Society of London, 253(1274), 1959: 349-357. https://doi.org/
10.1098/rspa.1959.0199

[20] RicuArDs B., WoLF E., Electromagnetic diffraction in optical systems. II. Structure of the image field
in an aplanatic system, Proceedings of the Royal Society of London, 253(1274), 1959: 358-379.
https://doi.org/10.1098/rspa.1959.0200

[21] PrraEvskil L.P., Electric forces in a transparent dispersive medium, Soviet Physics—JETP, 12(5),
1961: 1008-1013.

[22] VAN DER ZIEL J.P., PERSHAN P.S., MALMSTROM L.D., Optically-induced magnetization resulting from
the inverse Faraday effect, Physical Review Letters, 15(5), 1965: 190-193. https://doi.org/10.1103/
PhysRevLett.15.190

Received November 8, 2025
in revised form February 8, 2026



