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ABSTRACT
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In view of the fast development of vector beams and their broad application
prospects, the systematical review about the characterizations, generation
methods, propagation mechanisms and diverse micro-nano optical appli-
cations of various vector beams are provided. Four mathematical charac-

terizations of vector beams are generalized and the relation of different

cessing  Optic,
o Q‘o '/ 2

. . . . . . . G
characterization methods is uncovered. The direct and indirect generation e\‘f"‘@ ceri "’»;)6
. . . . . . § CICT1Zzg;, .
methods including some innovation techniques are summarized. The & Qx\‘bia Wi, %
. . . . S =1
propagation fields of vector beams in different circumstances are analyzed E§ 2
=

and the related phenomena are explained. The diverse applications in

various fields are enumerated. The detailed description of vector beams El
provides a theoretical basis for deeply understanding of the polarization Z g?
properties of vector beams. The comparison of several generation methods C'\O% ;70
brings the researchers the purposeful choices in practice works. The anal- %% o o&‘t;“‘c
ysis about propagation mechanisms of vector beam lays the foundation for “ing Opﬁca\"“&

predicting the unique phenomena and utilizing reasonably vector beams.
The presented applications confirm the significance of vector beams in
many fields. We expect this review will bring more help for the deep studies

about foundational and applications of vector beams.
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1 Introduction

Polarization is natural property of light, and it has been
applied in optical measuring [1], high resolution imaging
[2], radar image detection [3, 4], cosmic birefringence
observations [5], magnetic field analysis [6] because of
high sensitivity to the environment. Light beams are
usually divided into scalar beams and vector beams in
terms of their polarization distributions in the cross-
section perpendicular to the propagation direction.
Scalar beams point to the light beams with spatially
uniform polarization including linearly polarized light,
circularly polarized light and elliptically polarized light.
Vector beams point to the light beams with spatially
non-uniform polarization. Compared to scalar beams,
vector beams exhibit some special phenomena, and they
have aroused widespread interest and their applications
have covered many fields.

In practice, vector beams can be categorized into
different types, like linearly polarized vector beams
(LPVBs) [7], elliptically polarized vector beams
(EPVBs) [7] and hybrid polarized vector beams
(HPVBs) [8]. LPVBs are composed of linear states of
polarization along different directions, and the common
radial (RVB) and azimuthal vector beam (AVB) are two
special cases. EPVBs have elliptical states of polarization
with spatially varying ellipticity and orientation. Due to
the symmetric polarization distributions with respect to
the propagation axis, LPVBs and EPVBs are called as
cylindrical vector beams (CVBs), and they can be
expressed by superimposing two orthogonal circularly
polarized light [9] and visualized intuitively by Poincaré
sphere [10, 11]. HPVBs may carry spatially varying
phases and their polarization distributions may lack
axial symmetry [8].

Specific polarization and phase topological properties
of vector beams provide such properties as tight focusing
and more modulation degrees of freedom during the

propagation. As is well known, vector beam can realize
the tight focusing with focusing sizes at the order of sub-
wavelengths [12], which takes on impressive advantages
for achieving more stable particle capture [13], higher
precision laser processing [14] and higher contrast imaging
[15] in nanometer scale. Focusing characteristics of
vector beams in nonlinear media also show important
applications in high-resolution nonlinear imaging [16].
Vector beams exhibit high stability during the propagation
in turbulence, which helps the beam to avoid loss of
optical information [17].

Early researches on vector beams concentrate on the
focusing of CVBs and their applications [18]. RVB and
AVB can realize the punching in thin and thick plates
with high precision [14]. Moreover, RVB and AVB are
also used to trap metal nanoparticles [19] and carbon
nanotubes [20]. The tight focusing of CVB make it
exceptional in microscopy imaging [21].

In recent years, the application of vector beams
continuously deepens towards the nanoscale. The focusing
of vector beams can break through the diffraction limit
[22], and it enables higher machining accuracy [23] and
higher imaging resolution [24]. The advancement of
vector field modulation techniques, like the utilization of
metasurfaces composed of nanounits, may bring great
development for the applications of vector beams. The
capture of particles can extend from one-dimensional to
three-dimensional, from single-particle capture to multi-
ple-particle simultaneous capture [25] and from regular
spherical particles to elliptical particles [26]. And as
expected, the advanced metasurface technologies have
provided powerful tools for vector beam multiplexing
and multi-channel vector holographic encryption [27].

With the in-depth study of vector beams, some challenges
appear on the scientific and technological level. The
special spatial modes of vector beams are desired for
high-resolution imaging [28]. Complex optical field
patterns of vector beams may increase the difficulty of
image processing and analysis [29]. Unstable beam
modes influence fabrication precision of sample [23].
Complex control systems to control vector beams hinder
the lithographic efficiency and precision [30]. Local opti-
mization issues limit the micro-manipulation performance
[31]. Stringent precision requirements for equipment and
beam crosstalk are accompanied by the high information
capacity of vector beams in optical communication [32].
The studies about the optimization of vector beams and
the high-quality applications still need to be continuously
conducted.

The generation of new-type vector beams must speed
the applications of vector beams. Recently, the integrated
or compound vector beams with the different polarization
distributions are generated [33] and vector beams with
the polarization varying in three-dimensional space are
generated [34]. Besides the traditional methods based on
the intra-cavity modulation and the diffraction and
interference, some new techniques using photonic crystals
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[35] and compact metasurfaces [36] are utilized to generate
vector beams. The fundamental and application studies
of vector beams still take on vigorous development
trend. The review about the studies of vector beams
especially in recent years are necessary though this kind
of works were done in 2009 [37] and 2018 [38, 39].

This article aims to present recent developments in
vector beams and overview their main applications in
micro-nano optics. For systematic and completeness,
this work carries out from the characterization of vector
beams, the generation of vector beams, the propagation
rules and the applications. First, the mathematical
description of generalized vector beams and the repre-
sentation in several polarization bases are presented.
Then, the generation methods of vector fields using laser
intra-cavity, gratings, g¢plates, interferometers, spatial
light modulators, photonic crystals and metasurfaces are
enumerated. The phenomena of vector fields during
propagating in different transmission media or meeting
some obstacles are provided. These preliminaries provide
the foundation for the potential applications of vector
beams. In the end, the recent applications in micro-nano
optics like laser processing, optical trapping, and optical
imaging are summarized.

This work provides the researchers with a systematic
review about the studies about vector beams. It can help
them comprehensively understand the foundation of
vector beams including the characterization of vector
beams and the generation methods. Lots of applications
may arouse great interests in various fields and provide
the guidance with wider ideas about the applications of
vector beams in different fields such as optical physics,
quantum physics, electromagnetism, biomedicine and
materials.

2 Characterization of vector beams

The characterization of vector beams is the start to
generate vector beams and utilize vector beams. Here,
four kinds of methods are provided to characterize
vector beams and the related descriptions are as detailed
as possible.

2.1  Mathematical expressions of vector beams

Vector beam with certain state of polarization can be
expressed in different coordinate basis. In the Cartesian
coordinate basis, vector beam can be expressed as

i6

E(z,y) = A(cos ae, + sinae (1)

where A denotes the amplitude of vector beam, and the
angles of a and d,, determine the polarization type of
vector beam. As the angle of a satisfies a = np + ¢,
where n is an integer, ¢ is a constant and ¢ is the spatial
position angle, the vector beam exhibits the axis-
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Fig. 1 Polarization distributions of vector beams in Cartesian
coordinate basis with the argument angle of a satisfying a =
np + ¢.

symmetric polarization distribution and it can be written
as

E(z,y) = Aleos(ng + ¢)e, +sin(np + p)e*ve,]. (2)

As 6, = 0 or m, the vector beam is called as the
LPVB, specially, and as n = 1 and ¢ = 0 or wn/2, the
vector beam corresponds to the common RVB and AVB
[40]. Moreover, as d,, = n/2 or 3n/2, the vector beam is
the EPVB. Figure 1 gives the polarization distributions
of vector beams as dg, takes 0 and /2, n takes 1 and 2,
and ¢ takes 0, n/4, and n/2, as the result given by Ref.
[41].

It can be seen that as J, = 0, the polarization of
vector beam everywhere in the space is linear polariza-
tion, and as d, = m/2, the polarization direction and
ellipticity for the latter cases change with the spatial
position. The value of n determines the degree of
symmetry of vector beam. Certainly, the polarization
distribution is different as the angle of ¢ takes different
value. In addition to the above cases with the angle of a
varying with angular position and the phase difference
of J,, taking the constant, the polarization distributions
with the angle of a varying with radial direction and the
phase of J, changing with spatial position can be
presented in terms of Eq. (2).

One vector beam can be represented by the circular
polarization basis consisting of two orthogonal circular
polarization vectors, and similarly, it can be expressed
by [42]

E(x,y) = A(cos Beg + sin fe%rLey ), (3)

where dg, denotes the phase difference of two polarization
components, and e, = 2°%5(e, - ie,) and er = 27%(e; +
ie,) represent two orthogonal basis vectors along left-
and right-handed circular polarizations. Naturally, the
polarization of vector beam depends on the values of f
and Jgr. As f = 0 or 7, the polarization is RCP, and as
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Fig. 2 Polarization distributions of vector beams in circular
polarization basis with the phase of dp satisfying drr = ngp
+ 4.

B = /2 or 3n/2, the polarization is LCP. Figure 2 gives
the polarization distributions of several vector beams
expressed in circular polarization basis as the phase of
opy varies with the spatial position and satisfies dp; =
np + ¢, where f takes n/6, n/4 and n/3, n takes 1 and 2,
and takes 0 and m/4, as the result given by Ref. [42].

For the certain angle of fB, the polarization type of
vector beam at any position is the same and the polarization
direction changes with spatial position and other param-
eters. The ellipticity of vector beam depends on the
angle of . When g = n/4 the vector beam is the LPVB
with identical contributions of left- and right-handed
circularly polarized components. Vector beams with S
taking other values are the EPVB. The difference from
the first case, the polarization distribution of vector
beam is not always cylindrically symmetric. In addition
to the above cases, the phase of dr; may change with
the radial direction and the angle of f may also changes
with the spatial position. The polarization distribution
of vector beam with different parameters is different.

Vector beam can be also represented in polar polarization
basis consisting of radial and azimuthal polarization
vectors, and any vector beam can be represented as

(4)

where Jy, is the phase difference between the radial and
azimuthal polarization components of vector beam, and
e, = cospe, + sinpe, and e, = —singe, + cospe, are
radial and azimuthal polarization vectors in the polar
coordinate basis. The type of polarization of vector
beam depends on the values of y and d,,. Figure 3 gives
the polarization distributions of vector beams in polar
polarization basis as d,, satisfies d,, = ng + ¢, where y
takes m/6, ©/4 and ©n/3, n takes 1 and 2, and ¢ takes 0
and nt/4, as the result given by Ref. [41].

From the polarization distributions on the same line,
one can see that the angle of y does not affect the polar-

E(z,y) = A(cosve, + sinye® ¢ ep),
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Fig. 3 Polarization distributions of vector beams in polar
polarization basis with the argument angle of d,, satisfying

Orp = N + ¢@.

ization handedness of vector beam at any position, but
affects the ellipticity of vector beam. The polarization
distributions on the same row show that the angle of ¢
makes the polarization distribution of vector beam
rotate. The value of n determines the rotational symmetry
of polarization distribution. Besides the above cases, the
phase of d,, may vary with radial coordinate and the
angle of y may also change with spatial position.
Certainly, the polarization distribution of vector beam is
different as these parameters take different values.

2.2 Jones matrices of vector beams

Jones vector was first proposed by Jones to represent
the state of polarization of optical field [43]. Tradition-
ally, one 1 x 2 or 2 x 1 Jones vector is comprised of
two orthogonal components of optical field in Cartesian
coordinate basis. The vector beam denoted by Eq. (1)
can be written in the following form [41]:

Cos

E=A (5)

sin aeld=v

The 2~ and ypolarized base vectors can be expressed
as (1, 0) and (0, 1). The normalized RVB and AVB are
(cosp, sing) and (-sing, cosp) in Cartesian coordinate
basis. Similarly, Eqgs. (3) and (4) can be expressed in
Jones vectors. The orthogonal base vectors in circular
polarization basis are (1, 0) and (0, 1), and the orthogonal
base vectors in polar polarization basis are also (1, 0)
and (0, 1).

For a certain vector beam, its Jones vector in different
polarization basis can be transformed. The relationship
of Jones vectors can be expressed as

Epy
Eyo

T11 T2 Ea

= : (6)
Ty Too Ea2
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Here, (FE,1, F.) represents the vector beam in the a-
polarization basis and (Fj, FEje) represents the vector
beam in the b-polarization basis. The 2 x 2 matrix
represents the evolution matrix for the transformation
between different Jones vectors [44]. The evolution
matrix for the transformation from Cartesian coordinate
basis to circular polarization basis is

T11 Tho 1 (1 -y
Tg_c= = = . .
Ty 1o V2 \1 j
The evolution matrix for the transformation from
Cartesian coordinate basis to polar polarization basis is

Ty Tho cos ¢ sing
Td_p = = . .
T Too —siny cosp
Furthermore, the evolution matrices for the transfor-
mations from circular and polar polarization bases back

to Cartesian coordinate basis are the inverse matrixes of
two above cases.

(7)

(8)

2.3 Stokes parameter characterization of vector beams

Stokes parameters including Sy, Si, S2 and S3 were first
introduced by G. G. Stokes to characterize the state of
polarization of optical field [45]. In terms of the expression
of vector beam in Cartesian coordinate basis, Stokes
parameters are defined by

So Iy

S1 Iy cos2a

Sy Iy sin2a:.cos by
S3 1o sin 2cv sin 0y,

where Sy = I represents the total intensity of vector
beam at any position, and it can be also expressed as
the sum of two intensity components along two orthogonal
basis vectors in different polarization basis, such as the
horizontal and vertical directions, diagonal and anti-
diagonal directions, radial and azimuthal directions, and
RCP and LCP basis vectors. Usually, the above expression
can be rewritten as

So Iy

S Iy cos 26 cos 2

| _ | Do . (] 7 (10)
Sy 1o cos 20 sin 29)

S3 Iysin 20

where the angle of y (0 < y < @) denotes the elliptical
polarization direction and the value of tanf (—mn/4 < 6 <
n/4) represents the ratio of ellipticity, and they satisy
tan2y = tan2acosd,, and sin20 = sin2a sind,,. In terms
of the expression of vector beam in circular polarization
basis, the Stokes parameters can be expressed by

So Iy

S Iycos?2

1 0. B . (11)
SQ [0 s1n25c0s5RL

S3 Igsin283sindgy,

In practice, Stokes parameters in circular polarization
basis may be also expressed by the form of Eq. (10) with
the angles of y and @ satisfying tan2y = tan2fcosdrr
and sin26 = sin2fsindgr. Similarly, the Stokes parameters
in polar polarization basis can be expressed by

So I

S _ Io cos 27y . (12)
Sy Iy sin 2y cos .,

S3 Iy sin 2y sin 6.,

Stokes parameters in polar polarization basis may be
also expressed by the form of Eq. (10) with the angles of
w and 0 satisfying tan2y = tan2ycosd,, and sin26 =
sin2ysind .

For one certain vector beam, its Stokes parameters in
different polarization bases can be transformed, and
their relationship can be expressed in following form

Sho My Mag Myz My Sa0

Sp1 _ Ma1 Mo Moz Moy Sa1 (13)
Sh2 M3y M3 M3z M3y Saz |’

Sh3 My Myz Myz My, Sa3

where S,; represents the Stokes parameter in the a-polari-
zation basis, Sy; represents the Stokes parameter in the b-
polarization basis, and the 4 x 4 matrix represents the
evolution matrix between different polarization bases.
The measurement of Stokes parameters in any polarization
basis can reflect the polarization distribution of vector
beam.

2.4 Poincaré sphere representation of vector beams

Poincaré sphere proposed by Poincaré can reflect the
state of polarization using the point on the surface of
unit sphere [46]. The radius of Poincaré sphere is Sy and
three axes correspond to the parameters of Si, S and Ss,
as shown in Fig. 4(a). In fact, any point on Poincaré
sphere corresponds to a set of Stokes parameters
expressed in Cartesian coordinate basis. Two poles on S;
axis with S5 = 1 and —1 represent RCP (denoted by red
circles) and LCP (denoted by blue circles), two poles on
S1 axis with S = 1 and —1 represent horizontal and
vertical linearly polarization (denoted by black short
lines), and two poles on Sy axis with S = 1 and -1
represent diagonal and anti-diagonal linearly polariza-
tion. The points on the upper hemisphere denote right-
handed elliptical polarization and the points on the
lower hemisphere denote left-handed elliptical polariza-
tion. In fact, any polarization states on Poincaré sphere
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Fig. 4 Poincaré sphere (a), and high-order Poincaré

spheres and high-order Poincaré beams (b).

can be taken as the superposition of two orthogonal
circularly polarized beams with the amplitudes of
cos(n/4-6) and sin(n/4-0) and the phases of —¢ and ¢,
namely, E = cos(n/4-0)e Yer + sin(n/4-0)e?er, where
the angles of 6 and ¢ satisfy 20 = arcsin !(S3/S)) and
2¢ = arctan 1(Sy/S1).

With the help of Poincaré sphere, the vector beam in
circular polarization basis can be also expressed as E =
cos(n/4-0)e (" + dey + sin(n/4-0)el™ + Ve, with f =
n/4-0 and w = np + ¢. When n = 1, such vector beams
are called Poincaré beams, and for other integer values
of m, these vector beams are collectively called higher-
order Poincaré beams [10]. Figure 4(b) illustrates the
higher order Poincaré beam corresponding to n = 2.
Figure 4(b) illustrates the higher order Poincaré beam
corresponding to n = 2. Where the points on the pole on
S3 represent circular polarization states carrying two
opposite two-order spiral phases. The points on the
equator of Poincaré sphere correspond to the LPVBs,
and the points on the upper and lower hemisphere corre-
spond to the EPVBs. The similar result can be found in
Ref. [41].

In order to illustrate intuitively vector beams shown
in Figs. 1 and 3, one can construct Poincaré-like spheres,
as shown in Fig. 5. Figure 5(a) shows Poincaré-like
sphere for the Poincaré-like beam of E = cos(n/
4-0)eiv + e, + sin(n/4-0)el® + Ye,. Where the points
on two poles of S3 axis represent horizontal and vertical
linear polarization and the points on upper and lower
half sphere represent the EPVBs. Generally, for one
Poincaré-like beam consisting of two orthogonal polar-
ization vectors, which can expressed by E = cos(n/4—
O)e ¢ +9) e + sin(n/4-0)e'¥ + e, with e; and ey denoting
two orthogonal polarization base vectors like the radial
and azimuthal polarization vectors [42], one can also
construct Poincaré-like sphere to represent this kind of
vector beams. Even for the m-order Poincaré-like beam
of E = cos(n/4-0)e (" +de; + sin(n/4-0)e!" + ey, the
Poincaré-like sphere can be still constructed similarly to
Fig. 5(a).

The above-mentioned Poincaré beams or Poincaré-like
beams have two orthogonal components carrying opposite
spiral phase. More generally, the phases of two orthogonal

Fig. 5 Poincaré-like beams superposed by horizontal and
vertical linearly polarized beams carrying opposite spiral
phase (a) and hybrid Poincaré beams superposed by radial
and azimuthal polarized beams carrying different spiral
phase (b).

components may be expressed by w1 = —(ng + ¢) and
wy = mp + ¢ with m # n. This kind of vector beams are
called as hybrid Poincaré beams or HPVBs, and they
can be expressed by hybrid Poincaré-like sphere. And
they are the commonly vector vortex beams. Figure 5(b)
illustrates hybrid Poincaré-like sphere and hybrid
Poincaré beam superposed by radially and azimuthally
polarized beams with n = 2 and m = 3. The points on
two poles of S3 axis of hybrid Poincaré sphere shown in
Fig. 5(b) represent radial and athimuthal polarization
carrying the spiral phases with the topological charge
taking -2 and 3, respectively. The points at the poles of
S1 and Sy axes are the HPVBs [41]. The polarization
distributions at the poles of S; are symmetric along y
axis, and the polarization distributions at the poles of So
are symmetric along x axis. Further discussions can be
found in reference [11].

Four methods are provided in this section to characterize
vector beams using vector formulas, visual matrices,
specific parameters and intuitive diagrams. These methods
have inherent relevance and they mutually confirm to
reflect the polarization distribution characteristics of
vector beams. This comprehensive representation for
vector beams not only offers one powerful framework for
understanding vector beams in depth, but also serves as
important references for generating vector beams in the
following.

3 Vector beam generation

Vector beam generation schemes and mechanisms have
been extensively explored, and here, the related advan-
ces for vector beam generation are summarized, where
traditional devices such as birefringent elements, grat-
ings, ¢-plates, interferometers and spatial light modulators
and novel devices like metasurfaces and photonic crystals
are used. With these techniques, vector beams are either
directly converted or indirectly produced.
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Fig. 6 Intra-cavity modulation for vector beam generation using fiber Bragg grating (a). OSS: offset splicing spot; PC:
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achieve stable narrowing and attain stable mode-locking operation. Reproduced with permission from Ref. [50]. HPVB generation
using ¢-plate modulation (b). LP: linear polarizer; QWP: quarter-wave plate; BS: polarization-independent beam splitter;
QP: ¢-plate; M: mirror; L: lens; CCD: charge-coupled device. Reproduced with permission from Ref. [70]. Vector beam generation
based on Mach—Zehnder interferometer (c). SPF: spatial pinhole filter; A: circular apertures; SPP: spiral phase plate; HWP:
half-wave plate; PBS: polarizing beam splitter; P: polarized analyzer. Reproduced with permission from Ref. [77]. CVB and
nonuniform polarization beam generation using spatial light modulator (d). SLM: spatial light modulator. Reproduced with

permission from Ref. [78].

3.1 Intra-cavity modulation

We know that the common laser do not directly radiate
vector beam. To output the vector beam, anisotropic
elements need to be introduced into the cavity of laser.
These anisotropic elements modulate the resonant modes
in the cavity and ensure the gain of beam with the
required polarization. Thereby, vector beam with
controllable  polarization  distribution is  actively
produced through intra-cavity modulation.

Some birefringent devices may be inserted into laser
cavities to generate vector beams, such as double conical
prisms [47] and birefringent crystal [48]. Vector beam
can be generated through polarization choice and the
cavity length is adjusted to determine the type of output
beam [48]. Variable vector beam generation may bring
great convenience to the applications of vector beams.
The combination of wave plates and vortex plates with
different topological charges may be placed in resonant

cavity so as to generate vector beam with changeable
order and initial angle [49].

Compared with traditional lasers, fiber lasers have the
advantages of compact, stable, small size and low cost.
The vector beam is generated with the help of offset
splicing spot, long-period fiber grating and mode-selective
coupler. The fiber splicing can convert the LPy; mode
into the LP1; mode and the RVB generation is achieved
by controlling the amount of fiber offset and selective
reflection of the quad-mode fiber as shown in Fig. 6(a)
[50]. Where adjusting the polarization controller optimizes
the polarization state of the different modes to ensure
LP;; mode generation and the reflection wavelength of
the whole fiber grating ensures high mode purity output
of RVB.

The fiber gratings with special structures [51] or working
under Bragg condition [52] or combining with active
phase modulator [53] are also utilized to generate high
purity CVBs. Except for the single wavelength output,
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the utilization of Sagnac loop filter and long-period fiber
grating in random laser realizes multi-wavelength vector
beam generation [54]. Nonlinear gain modulation in
cavity [55] and the combination of two lasers with fiber
grating [56] are also utilized to generate dual-wavelength
CVBs. In addition, the acoustic-optic effect to modulate
the refractive index of fibers is utilized to generate the
CVBs [57]. The adjustment of the incident polarization
state and the acoustic frequency in spiral core ring fiber
[58] and multi-core fiber [59] can cause the conversion of
the fundamental mode to high-order vector beams.

Recently, the generation of temporal vector beams
attracts the attention. The fiber chirped-pulse amplifica-
tion and second harmonic generation technology are
used to produce the femto-second CVBs [60]. Briefly, the
intra-cavity active modulation methods offer high efficient
technique for vector beam generation. However, the
modulation process for any vector-mode laser is much
more complex. The following passive modulation methods
with optical elements inserted outside the cavity show
simpler operation though the sacrifice of stability and
efficiency is inevitable.

3.2 Grating modulation

Grating is commonly used to generate vector beam
based on its spatial anisotropy, multiple order diffraction
and the additional reciprocal vector [61]. Physically,
gratings refer to one-dimensional or two-dimensional
periodic structures, and the periodic structures with
some deformations are also categorized as gratings, like
radially curved gratings [62] and forked gratings [63].
The modulation of amplitude, phase and polarization by
grating enables the production of vector beam.

Fork grating points to periodic amplitude or phase
distribution formed by the interference between plane
wave and vortex beam. The +1st order diffractions of
forked grating carry opposite spiral phases [64]. One can
generate the pure RVB beam using one vortex beam
with the help of concentric ring grating [64], or controlling
the superposition of two vortex beams output from
forked grating [61].

Sub-wavelength grating can be functionally equivalent
to uniaxial crystals and the groove orientation of sub-
wavelength grating controls the polarization direction of
the transmitted field [65]. Radial subwavelength gratings
can convert linear polarization into RVB [66]. In prac-
tice, the central region of grating with the period radially
varying is limited by the fabrication technique and the
nonuniform period of grating with period azimuthally
varying is also limited by the conversion efficiency. Two
identical ~mirror-reversed azimuthal gratings are
proposed to replace one azimuthal grating so as to
improve the conversion efficiency of vector beams [67],
where the phase difference of the beams transmitted by
two parts should be compensated. Furthermore, several

segmented azimuthally varying sub-wavelength gratings
are proposed to generate RVBs [68], where the local
transmission polarization is controlled by the phase
difference between adjacent segments [69].

In recent years, with the development of nanometer
manufacturing technology, metasurface gratings with the
nanometer thickness have been used to generate vector
beams. Metasurface gratings not only modulate the state
of polarization, but integrate multiple functionalities to
enhance compactness of optical system. Moreover, the
combination of metasurface grating with spatial light
modulator enables the generation of various vector
beams due to the dynamic modulation. This further
enhances the flexibility of the vector beam generation.

3.3  ¢plate modulation

¢-plate points to one polarization device composed of
anisotropic units with the fast axis rotating azimuthally,
and each unit equivalent to a half-wave plate rotates ¢
times of the position angle. The ¢-plate can convert LCP
light to RCP light carrying the spiral phase of 2¢p or
RCP light to LCP light carrying the spiral phase of
~2qp. Then the gorder LPVB of Afe!®®¥eg,
e1?wder] or Alcos(2gp-¢), sin(2gp-¢)] generates as the
linearly polarized light illuminates with ¢ denoting the
incident polarization angle.

To obtain controllable vector beam, the combination
of ¢plate, polarizer and quarter-wave plate (QWP) is
used to control the polarization states of two orthogonal
polarized beams, as shown in Fig. 6(b) [70]. The modulated
beam is converted into arbitrary HPVB. The g¢-plate
determines the helical phase carried by the beams at the
south and north poles of hybrid Poincaré sphere. The
rotation angles of QWP2 and QWP3 can flexibly modulate
the phase and polarization of the HPVB.

Generally, the g-value of ¢-plate is fixed, which limits
the order of the generated vector beams. Low-order ¢
plates are more commonly used in the practical applica-
tions, and higher-order vector beams are less utilized
because they are difficult to generate. To solve this
problem, different g-values of ¢-plates may be combined
to achieve a larger equivalent ¢-value. Specifically, one
half-wave plate placed between two ¢-plates may obtain
g-values of ¢ + ¢, while one half-wave plate placed
ahead of two ¢-plates may form g¢-values of ¢ — ¢ [71].
This operation extends the order range of the generated
vector beam. It should be noted that this ¢-value operator
is only applicable to half-wave ¢plates with a phase
delay of m [72].

The phase delay of common ¢-plate strongly depends
on the working wavelength [73]. Yet, ¢-plate at non-
operating wavelength is also studied to generate vector
beams. It is demonstrated that g¢-plate with a delay of
n/2 under wavelength modulation can generate the
HPVB. The polarization state and phase of the fully
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Poincaré beam are obtained under circularly polarized
illumination [74, 75]. Additionally, the combination of
electronically controlled liquid crystal ¢plate and elec-
tronically controlled wave plate is also used to generate
arbitrary HPVB on the hybrid Poincaré sphere, where
the ¢-plate controls the ellipticity of beam and the wave-
plate controls the initial phase of beam [76].

3.4  Interferometer modulation

Since two optical paths of interferometer can be inde-
pendently controlled, it is favorable for the generation of
vector beams through adjusting path difference and
states of polarization of two arms. Mach—Zehnder inter-
ferometer [77], Sagnac interferometer [79] and two-
element interferometer [80] are proposed to generate
vector beams.

Figure 6(c) shows the schematic of Mach—Zehnder
interferometer for the vector beam generation [77]. The
vector beam is generated through adjusting individually
beams on two arms of Mach—Zehnder interferometer,
where many additional elements are used. The spiral
phase plate is used to generate the vortex beam, the
quarter-wave plates, prism and the phase compensator
are used to form the desired phase and polarization. The
superposition of two orthogonal polarized beams with
controllable phases forms any Poincaré beams. The
generation mechanism of this kind of vector beams can
be seen in Section 2.4.

Sagnac interferometer with two beams transmitting
along opposite directions in one loop-shaped path is also
used to generate vector beam [81]. In Sagnac interferom-
eter, the incident linearly polarized beam is separated
into two orthogonally polarized components by a beam
splitter. Two beams transmit along the clockwise and
counterclockwise directions of the ring-shaped optical
path. Two beams, with equal optical paths, pass
through a holographic phase plate forward and back-
ward, respectively, which are loaded with opposite spiral
phases, and finally return to the beam splitter and
produce vector beam. To simplify, the holographic phase
plate being projected with reversed beams can be
replaced with reflective spatial light modulator in prac-
tical applications. In addition, a sagnac-like interferometer
with a spatial light modulator placed outside the ring
path is proposed to generate vector beams [82].

Additionally, a two-element interferometer is proposed
to generate arbitrary vector beams on higher-order
Poincaré spheres [80]. In two-element interferometer, one
vortex beam passes through a beam displacer, and its s-
polarized and p-polarized components are separated.
The transmitted s-polarized and reflected p-polarized
components with /2 phase shift pass through a quarter-
wave plate, and ultimately form a cylindrical vector
beam because of the superposition of two beams with
opposite topological charges and orthogonal circular

polarization states. By adjusting the polarization state of
input beam, the vector beam can be flexibly controlled
to generate arbitrary vector beams on the higher-order
Poincaré sphere.

3.5 Spatial light modulator modulation

Spatial light modulator is a programmable diffraction
device which consists of individually addressable pixels.
The phase and intensity of the reflected or transmitted
field can be statically or dynamically controlled through
computer programming. Therefore, spatial light modula-
tors have been widely used to manipulate optical fields
and generate vector beams.

Figure 6(d) shows the utilization of spatial light
modulator in vector beam generation [78], where two
beams carrying opposite helical phases output from
spatial light modulator are converted into two orthogonal
circularly polarized beams in the spectral plane of 4f
imaging system. The diffraction of grating realizes the
superposition of two orthogonally polarized beams.
Besides the CVBs, the defaulted vector beams can be
generated in terms of the diffraction of spatial light
modulator, the polarization conversion of wave plate and
the beam superposition of combiner [83]. Furthermore,
the arrayed vector beams can be produced when the
information of Dammann vortex grating is loaded on the
spatial light modulator [84].

Recent developments about spatial light modulator-
based vector beam generation have focused on improving
efficiency and simplifying optical configurations. Efficient
on-axis SLM engineering employing two liquid-crystal on
silicon spatial light modulators in a common path archi-
tecture has been demonstrated [85]. This approach
significantly reduces system complexity since it avoids
the use of beam-splitters. Modified off-axis interferometric
holography combined with liquid crystal spatial light
modulator has demonstrated remarkable capability to
generate vector beam [86]. Furthermore, the liquid crystal
SLM may generate hybrid vector beam without the help
of interference devices [87]. This technique represents a
significant step forward in creating complex structured
light field with a single device.

Two beams may also be directly modulated by the slit-
screen spatial light modulator [88]. However, the generation
of vector beams still needs the help of polarization beam
splitter and combiner. It is obvious that the split screen
of spatial light modulator must lead to relatively lower
working efficiency. Thus, the distances between different
polarization components need to exactly adjust so as to
obtain high efficiency [89], and the utilization of special
polarization beam splitter may cause the efficiency of
the generated vector beams to increase threefold [90].

3.6  Metasurface modulation

Metasurfaces composed of periodic nanoscaterers exhibit
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Fig. 7 Vector beams generated by the polarization conversion of rectangular nanoholes (a). Reproduced with permission
from Ref. [44]. Vector beams generated by the superposition of two orthogonal beams of reflective metasurface (b). Reproduced
with permission from Ref. [100]. Vector beams generated by transmission metasurfaces (c). MS: metasurface; Reproduced
with permission from Ref. [101]. Focused vector beams generated by metasurfaces (d, e). (d) Reproduced with permission

from Ref. [42]; (e) Reproduced with permission from Ref. [36].

Second-harmonic vector beam generation (f, g). GT prism:

Glan-Taylor prism; NFG: nonlinear fork grating. Inset shows the microscope image of fork grating etched on the LN surface.
(f) Reproduced with permission from Ref. [63]. (g) Reproduced with permission from Ref. [109].

strong electromagnetic control abilities [91] and the
control of electromagnetic field rely on local response of
nanoscaterers not optical path accumulation effect and
this makes metasurfaces extremely superior for device
miniaturization and integration [92]. The anisotropic
nanoscaterers with appropriate shape, size, material and
spatial arrangement may be equivalent to half-wave
plate [40, 93], quarter-wave plate [94] or polarizer [95],
and the different nanoscatterer or rotated nanoscatterer

may introduce additional phase delay. Therefore, vector
beams can be generated using the local polarization
effect of anisotropic nanoscaterers or the phase and
polarization modulation of metasurface [96, 97].

The nanoscaterers equivalent to quarter- and half-
wave plates and arranged along special trajectories may
generate CVBs [44, 98]. Figure 7(a) show two metasurface
structures and the intensity and polarization distributions
of the generated CVBs [44], where the equivalent
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quarter-wave plates function with circularly polarized
light illumination and the equivalent half-wave plates
work with linearly polarized light illumination. During
the polarization conversion, the unexpected additional
phase needs to be deleted [99].

Figure 7(b) shows the RVB generation based on the
superposition of the LCP light and the converted LCP
carrying different spiral phases reflected by metasurface
[100], and Fig. 7(c) shows the AVB generation from the
superposition of two orthogonal circularly polarized
beams carrying opposite spiral phases transmitted by
metasurface [101]. In addition, the linear phase gradient
introduced by the metasurface may allow off-axis super-
position of two orthogonal circularly polarized beams to
generate the vector beam [102].

Two orthogonal polarized beams simultaneously
focused by metasurface may generate vector beam [41].
Figures 7(d) and (e) provide the schematic diagrams for
the generation of Poincaré beams, where Fig. 7(d) shows
the metal metasurface [42] and Fig. 7(e) exhibits the
dielectric metasurface [36]. Certainly, the polarization
distribution of vector beam changes with the weights of
two orthogonal polarization components and the spiral
phases carried by two orthogonal polarization compo-
nents. In this way, any HPVBs can generate.

The arrayed vector beams may be generated using the
holographic metasurface, and the holographic metasurface
can be constructed based on multiple phase function
superposition [103]. Vector beams with different orders
are produced at different transmission positions [104].
Certainly, the number of multiplexed channels of vector
beams may change with the status of metasurface units
[105], and the well-designed metasurface can realize the
variation from one vector beam to another vector beam
in space [106]. With help of the wavelength dependence
of polarization response, wavelength multiplexing vector
beams may be generated by metasurface [107]. In brief,
as the metasurface guides two orthogonal polarized
beams to overlap in space, the defaulted vector beam
generates at the over-lapping position [108].

3.7

Nonlinear crystal modulation

The above-mentioned methods belong to linear optical
domain, the working wavelength
unchanged. Recently, nonlinear optical effects of crystal,
such as second-harmonic generation [109], third-
harmonic generation [110], Kerr effect [111], stimulated
Raman scattering and stimulated Brillouin scattering
[112], have been applied to generate vector beams since
the larger additional phase can be introduced during
polarization conversion. The crystal materials include
BBO [113], KDP [114], ZnTe [35] and ithiumniobate
[63]. The output beam with different frequency can be
obtained through solving the coupled wave equations
with specified boundary conditions, and the phase-

where remains

matching condition should be satisfied in order to
achieve high efficiency.

Figure 7(f) shows the generation of second-harmonic
vector beams using ithiumniobate crystal [63]. The
second harmonic vector beam is generated using half-
wave plate and nonlinear fork grating. The second
harmonic linear polarization vortex beams satisfy Type I
phase matching condition and the polarization combiner
guide two beams to superpose. Figure 7(g) shows the
generation of second-harmonic Poincaré sphere beam
using a KTP crystal [109]. Where the fundamental
vortex beam generates based on the spatial light modu-
lator. The KTP crystal used to generate the second-
harmonic vector beam functions under Type II phase
matching.

When the incident laser power is excessively high,
third-order or even higher order nonlinear effect occurs.
Graphene is proposed to generate higher harmonic
vector beams [115], where the topological structure of
monolayer graphene preserves the Poincaré index invari-
ance of vector beams. Moreover, the four wave mixing
process in Rb vapor is also studied based on the nonlinear
magneto-optical rotation mechanism and third-order
nonlinear vector beams are generated [116].

Besides nonlinear crystals under phase-matching
condition utilize to obtain nonlinear vector beams, periodic
crystals under quasi-phase matching conditions are
employed to generate non-linear vector beams. In this
case, the reciprocal lattice vector of periodic crystal
compensates for phase mismatch and the quasi-phase
matching condition is satisfied. The combination of a
quasi-periodically QPPKTP crystal and Sagnac interfer-
ometer to achieve third-harmonic generation of vector
field [110]. Where vortex beams modulated by the SLM
are adjusted by the polarization prism to form vector
fundamental beams. Two orthogonal linearly polarized
beams in the Sagnac interferometer pass through the
QPPKTP crystal in opposite directions and third-
harmonic vector field generates.

Multipolar Mie-type resonances between all-dielectric
nanoparticles may amplify the nonlinear effects, which
do not require phase matching. The generation of a
third-harmonic vector beam induced by a-Si nanoparticle
oligomers with vector beams is proposed [117], where the
vector beams are adjusted by liquid crystal polarization
converter and strong THG signal results from the collective
response of the nanoparticles. This approach avoids
complex setup and enhances nonlinear effect.

Overall, different methods for vector beam generation
take on distinct characteristics and the qualities of the
generated vector beams also vary. Actively controlled
vector light sources offer high efficiency and stable
modes, but the setup is complex and lack of flexibility.
Methods based on g¢-plates and gratings require more
additional components, and the generated vector beams
are fixed. Spatial light modulator allows for dynamic

Jingwen Ma, et al., Front. Phys. 21(4), 042301 (2026)

042301-11



Fe > FRONTIERS OF PHYSICS

TOPICAL REVIEW

control of optical field, but the electric computer and
other additional elements are required. Metasurfaces can
generate one or more vector beams, and yet the working
efficiency and beam quality need to be improved.
Nonlinear effect is still weaker than linear effect though
it brings more sensitive modulation. Anyway, these
methods provide more choice for the generation of
desired vector beams.

4 Propagation of vector beam

4.1  Vector diffraction theory

The vector field of E(z, y, 2) at any point in space
follows vector Helmholtz equation of V x (V x E) +
KE = 0, where k is the propagation constant of vector
field and the symbol of V denotes the gradient operator.
In Cartesian coordinates, three components of vector
field satisfy the following differential relations [118]:

O’E, OB, 0°E, O°E

_ z 2 E, =
Oy 022  0xz0y 020z +k 0,
0’E, 0%E, 62Em 0*E, 9
922 912 + &ray Oyoz +EE, =0,
O°E. O*E. 0°E, O°E,
- = z KE, = 14
0x? Oy? + 0x0z + Oy0z + 0. (14)

Suppose one vector beam with a slowly varying longi-
|

tudinal component E, propagates along z axis and the
second derivation of FE, is neglected, the third equation
in Eq. (14) can be approximated as E, = —[0*E,/(010z2)
+ 0%E,/(0y02)]/K>. This indicates the longitudinal
component of vector field at any position can be
expressed by two transverse components. In terms of the
Fresnel-Kirchhoff diffraction, three components of
vector field in free space can be expressed as [119]

- _

Eg;(m1,y1,z):// WEOz(x,y,U)e'dexdy,
z "

Ey(zlvyhz):// WEOy(z,y7 0)e*Fdxdy,

Ez(xla Yi, Z) :/ [AxEOI(xa Y, O) + AyEOy(xa Y, 0)}A(R)d$d’l},
(15)

where Az =z — 2, Ay =y —y, R=[(11 — 2)? + (y1 —
y)? + z2]1/ 2 represents the distance between two points
with the coordinates of (z, y, 0) and (@1, %1, 2). The term
A(R) may be approximated as A(R) = (ik-2/
R)e*/(iAR3K?). If the vector beam satisfies the paraxial
approximation during propagation, the tilt factor z/R
can be neglected and A(R) and R is simplified to A(R)
= e /(23k) and R = 2 + [(m1 — 2)° + (11 — v)?]/2%

Similarly, in cylindrical coordinates, the diffraction
field for three components of vector beam can be
expressed as

(16)

E,(r, 0,2 M / / 2 (0.0,0) cos(8 — ) — Ey(p.0,0)sin(6 — )] R pdpdd),
E(r, .7 M / / (0,6,0)sin(6 — ) + Eg(p.6,0) cos(d — p)]e*F pdpdd,
E.(r,¢,2) = 17 / {E,(p,0,0)[pcos(0 — ) — p] + Eg(p,0,0)rsin(0 — ©)}e* pdpdo.

” + p? + 22-2rmpcos(p-0)
represents the distance between two points with coordi-
nates (r, ¢, 0) and (p, 6, z), where z = pcosf, y = psind,
x; = rcosp, and y; = rsing.

Besides the above representations, the propagation of
vector beam can be also analyzed using vector angular
spectrum method [120], vector Rayleigh diffraction
method [121] or phasing method [122]. In addition, the
strong focusing of vector beam is usually described by
Richards-Wolf vector diffraction theory [123, 124].

In the above equation, R* =

4.2 Diffraction of vector beam by small aperture

Non-paraxial propagation of vector beam through an
aperture is accurately described in terms of rigorous
vector diffraction methods. Based on Eq. (16), the
diffraction of vector beams through one small aperture
can be expressed as [125]

Ey(z1,91,2 // )\R2EOI z,y,0)P(x,y)e dxdy,

Z) = // WEOZ/(:E,y,O)P(m,y)eidezdy,

// 21 — ) Eoz(z,y,0)

+ (Y1 — y) Eoy (2, y,0)| P(x, y) A(R)dzdy,
(17)

where P(z, y) represents the pupil function of aperture.

Ey(xlvylv

E :C17y17

For the RVB with Laguerre-Gaussian mode, its = and y
components can be expressed as [119]

v () (&)

Em(x,yyO) = \/iEoLiL<2>e_ wo/
wo wp

2 2 (L 2

EOy(f,y,O) = ﬂEoiL}L <p2)e (wo) ,
wWo wO
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where p? = 22 + 42, Fp is the amplitude of optical field,
wp is the beam waist, and L,' denotes Laguerre polyno-
mials. Substituting this equation into Eq. (17), one can
obtain the non-paraxial diffraction of RVB. The studied
result show the diffraction energy of RVB varies with
the order of n, waist width of wy and aperture radius of
a. Similarly, the diffraction of RVB through annular
aperture can be studied [126]. The increase of the order
n leads to the increase of diffraction intensity, the
increase of beam waist wy results in the higher peak
moving to the optical axis. The inner radius b causes the
peak intensity to decrease and shift towards the optical
axis.

For higher-order CVB with two components denoted
by the following expression [127]:

P 2
E.(p,0,0) = \/§E1£e_(wo) cos(nf + ¢),
wo

E,(p,0,0) = V2E, Ui)oe<u€o)2 sin(nf + ¢), (19)

its diffraction distribution through an annular aperture
can be obtained through inserting Eq. (19) into Eq. (17).
The study shows that the transverse polarization
remains unchanged during the propagation, while the
longitudinal component varies with the azimuthal angle.
The diffraction intensity distribution takes on multiple
concentric rings, and the longitudinal intensity and far-
field divergence angle are influenced by the order, the
inner and outer radii of aperture and the beam waist.

Besides the investigation about the variation of vector
field with the aperture plane perpendicular to the optical
axis, the diffraction of vector beam through an aperture
inclined with relative to the optical axis is also studied
[128]. The results show the slight offset between the
beam and aperture center may cause two polarization
components of CVB to separate along the direction
perpendicular to the displacement, and thus, the diffraction
pattern of vector beam becomes asymmetric.

4.3  Focusing of vector beam by lens

Strongly focused light fields cannot be analyzed using
our familiar Kirchhoff-Fresnel diffraction theory or
vector angular spectrum method since the longitudinal
component has strong influence on the diffraction field.
And here, strongly focused diffraction theory proposed
by B. Richards and E. Wolf may be utilized [124]. On
basis of this theory, the diffraction of RVB and AVB
[18] and even generally CVBs [37, 129] by an objective
with high numerical aperture can be explored.

Suppose one CVB is focused by a lens with the focal
length of f, and the incident plane can be represented in
Cartesian coordinates as (2o, y, 0) or cylindrical coordi-
nates as (p, ¢, 0). The focal plane can be represented in
Cartesian coordinates as (z, y, f) or cylindrical coordinates

€y ey

y
o, 9,/)

X
z=0

Q
f

Fig. 8 Focusing of CVB by one lens [37].

as (r, @, f), as illustrated in Fig. 8.

The optical field around the focal plane of lens can be
expressed as the superposition of plane waves from the
exit pupil plane of lens,

E(r,p,z) = / / AO)P(0)a(h, p)e** T sin0dhde, (20)

where A(6) is amplitude factor, which satisfies energy
conservation Ey?2mpdp = A%(0)2nfsinfdd® and sinusoidal
condition p = fsinf, P(#) is pupil function, and a(8,4) is
the unit vector of optical field on the exit surface of
pupil. s, = sinfcosg, s, = sinfsing and s, = cosf are unit
vectors for the outgoing rays along the radial, angular
and longitudinal directions, and z = rcosp and y = rsing
are coordinates of the observation point on the focal
plane. The dot product of s can be simplified as
follows:

(21)

For the LPVB of cos(ng + ¢o)e, + sin(ng + ¢o)e,, the
angular polarization component of the incident light at
any position on the pupil or the exit plane is always
vertical to the meridian plane composed of propagation
axis and optical axis. The unit vector of LPVB may be
also written in the cylindrical coordinates as a = cos[(n—
1)¢ + dole, + sin[(n-1)¢ + do]es, where e, = cosge, +
singe, and e; = —singe, + cosge,. Then, the unit vector
on the exit plane has the cylindrical coordinates of e,’ =
cosbfle, + sinfe, and e, = e;4, and the Cartesian components
of the unit vector a(f, ¢) can be expressed as

s-1 = zcosf + rsinfcos(¢p — ¢).

az = cos[(n — 1)¢ + ¢g] cos B cos ¢ — sin[(n — 1)@ + ¢g] sin @,
ay = cos[(n — 1)¢ + ¢o] cos O sin ¢ + sin[(n — 1)@ + ¢o] cos ¢,
a; = cos[(n — 1)$ + @] sinf.

(22)
Insert Eqgs. (21) and (22) into Eq. (20), one can

rewrite the optical field around the focal plane of
lens as
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O .
E.(r,p,2) = Ci / P(0)V/cos 0 sin =< ¢ F(9)do,
0
O A
Ey(r,p,z) =Ci / P(6)V/cos 0 sin 9e** 0 G (9)do,

0
- A
E.(r,p,2) =2C P(0)V/cos 0 sin ™™= ¥ F1(9)d0),
0
(23)

where C'is a constant, @« is the maximum field angle
of optical pupil, F(O) = i"{(cosf-1)cos(np +
do) Ju(krsingd) — (cosf® + 1)cos[(n—2)p +do|J,2(krsing)},
G(0) = i"{(cosf + 1)sin(ng + ¢o)Jn(krsind) + (cosf-
Dsin[(n2)p + @o]Jn2(krsing)}, H(O) = i"'sinfcos|(n—
1o + do]Jna (krsind), and J(x) denotes the first type of
lth-order Bessel function. The upper limit of the integration
corresponding to the maximum field angle, and as n = 1
and ¢p = 0, namely, the RVB, F(0) = 2icosOcospJi(l),
G(6) = 2icosbsing Ji(lp), H(0) = sindJy(lp), the distribution
of the vector field near the focal plane is [37]

Ormax .
E.(r,p,z) =iCcos p / Vcos OP(0) sin 20.7; (1g)e** < 0de,
0

Orma

Ey(r,¢,z) =iCsing * V/eos OP(0) sin 2073 (I )= 0 do),

0
20 s 4
EZ(T, © Z) = 20/ mP(ﬂ)sinzﬁjo(lg)e‘kz°°59d97
0
(24)

where lp = krsinf. Furthermore, the light field around
the focal plane is often expressed in cylindrical coordinates
[130]:

Ormax A
ET»(Tv @, Z) = IC/ 0051/2(0)P(9) sin 29J1 (lg)elkz cos 9(19,
0

Ew(’f‘, 2 Z) = 07

xxxxx

(25)

Obviously, the focusing field of RVB only contains the
radial and longitudinal components. Figure 9(a) shows
the longitudinal and transverse fields of RVB at the
focusing plane of lens [129], and the longitudinal field is
stronger than the transverse field.

For the RVB with the Laguerre-Gaussian mode, the
equivalent pupil function can be expressed as A(fo,
O)exp[-A(Bo, O)sind]|L,'[2A(Bo, O)sind] [133, 134] with
A(Bo, 0) = Bo’sinf/sin*ay and By = a/wp denoting the
pupil filling factor. The parameter of £y may adjust the
energy distribution of the RVB, like eliminate the longi-
tudinal component and obtain an optical cage with only
radial component. The size of optical cage can be regulated
through changing the radial phase [135]. Furthermore,
optical cage arrays can also be generated through super-
position of RVBs and AVBs, as shown in Fig. 9(b),

where the number and position of optical cages can be
modulated through adjusting the phase of RVBs and
AVBs [131].

As n =1, ¢g = 90°, namely, the AVB, F(§) =
—2ising J1(lp), G(0) = 2isingJi(ly) and H(O) = 0. Insert
F(0), G(6) and H(0) into Eq. (24), the focusing field in
cylindrical coordinates is [134]

ET(T7 ®, Z) =0,
B _
E,(r,¢,z) = 2iC cos <p/ Vcos 0P (0) sin 0.y (1)e = <0dp,
0

E.(r,p,2z) =0.
(26)

The focused field of AVB only contains the azimuthal
component. Consequently, the optical field at the focal
plane exhibits the doughnut shape. For the
Laguerre-Gaussian AVB, the intensity distribution and
polarization direction of the focusing field also change
with the focusing angle of the inner ring [134]. Further-
more, when Poincaré beams are used for tight focusing,
the focusing intensity changes with the initial phase of
Poincaré beams, as shown in Fig. 9(c) [132]. The transverse
field varies from weak to strong and then to weak, and
the axial field varies from strong to weak and then to
strong.

4.4

Scattering of vector beam in random medium

The scattering of random medium or any object may
cause the depolarization effect. To address this, various
techniques have been developed to explore the polarization
change, including transmission matrix method [136],
optical phase conjugation technique [137], iterative opti-
mization method [138] and deep learning model [139].
When vector beams propagate through random scattering
media such as atmospheric turbulence, oceanic turbulence
and or biological tissues, the statistical theories should
be utilized to analyze the change of polarization.

The scattering of a monochromatic scalar field can be
typically analyzed using the scattering potential function
of medium and Helmholtz equation. Under weak scattering
conditions, the scattered field satisfies the first-order
Born approximation and Helmholtz equation simplifies
to (V2 4 B) U*(r) = —4nFU¥(r). In this case, the scattered
field can be expressed as

Ue) = | FoU(0)G(r ~ pl)dp, 27)
where U{(r) denotes the incident field and G(|r—p]|) is
the Green’s function. F(p) is the scattering potential of
medium, and for the scattering medium with the refractive
index of n, F(p) = kK*[n*>-1]/(4r). The statistical average
of the scattered field may be represented by the cross-
spectral density function [140]:
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Fig. 9 Intensity distribution of the focused RVB (a). Reproduced with permission from Ref. [129]. Optical cage arrays

generated through controlling vector beam (b). Reproduced with permission from Ref. [131]. Polarization and intensity
distribution of focused Poincaré beams (c). Reproduced with permission from Ref. [132].

W (11, 7) = / /D Wi(py. p2)(F(p1) F(p2)

x G*(|ry — p1)G(|r2 — p2|)dp1dps.
(28)

Here, W (p1,p2) = (U" (p1) U (p2)) and W* (ry,r) =
(U*" (r1) U® (ry)) are the cross-spectral density functions
of the incident and scattered fields, (-) denotes the
statistical average and the superscript of * denotes the

complex conjugate. (F(p1)(p2)) is also known as the

scattering potential correlation function for random
media, and for different scattering media, it has different
expression.

For a monochromatic vector field E(p)exp(iksp)
propagating along the direction with unit vector of
s, the vector scattered field is Ef(r) = V X V X
IF(p)E(p)G(|m—p|)/dp [141]. Under weak scattering
and the first-order Born approximation conditions, the
Green’s function in the far field can be represented as
exp(ikr)exp(-iksp)/(iAr), where 1 is the incident wave-
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length and the scattered field can be simplified. The
cross-spectral density matrix of vector scattered field is
obtained in terms of W(ry,12) = [(E3" (r1) - ES (r2))] can
be obtained and the intensity, degree of polarization and

coherence of vector scattered field can be expressed as
[142]

S(r) =Tr{W?*(r,r)},
s/ 4Det{Ws(r,r)}
Pe=\ - T
Fs(rl,’rz) _ TT‘{WS(’I"l,TQ)} (29)

\/TT{WS(’I"l, ) }Tr{Ws(rq,r2)} '

Tr{-} and Det{-} in the above equation denote the trace
and determinant operation of the cross-spectral density
matrix, respectively. The coherence matrix and its trans-
mission principle are proposed to study the propagation
of Gaussian vector beams through atmospheric turbulence
under the Kolmogorov spectrum and the second-order
approximation of the Rytov phase structure function
[143].

For atmospheric turbulence, the refractive index of
scattering medium exhibits random fluctuation in space
and time. The correlation function of scattering potential
can be expressed as {F(p1) (p2)) = exp[-(o1p2)*/E,
where £ relates to the structure constant of atmospheric
turbulence. The scattered vector beam at a transmission
distance z can be expressed as [142]

re B(r z
Fel(p1=)2(p2=r)]- g5 (p1—p2)?
T 2.2 /// s(p1,pa)e S : dp1dpa.
(30)
Thus, the intensity and degree of polarization of

the scattered vector beam can be determined. The study
results show though the beam in scattering media is
always vector beam, the polarization structure [144]
and the intensity distribution change with the propaga-
tion.

Based on the above principle, the scattering of RVB
in atmospheric turbulence limited by a circular aperture
is analyzed [145]. As the aperture gets larger and it
causes the change of beam shape along the zaxis. The
aperture mitigates the impact of atmospheric turbulence
on radial polarization. Moreover, the degree of polarization
for focusing RVB can be derived in terms of the
extended Huygens—Fresnel integral formula and the
coherence matrix of focused vector field [142]. The
increase of the structure constant of atmospheric turbu-
lence may accelerate the evolution of the beam profile.
In addition, relative to the collimated vector laser beam,
the focused vector beam exhibits faster coherence degra-
dation in turbulence.

4.5  Propagation of vector beam in nonlinear media

When vector beam propagates through nonlinear media,
the nonlinear response of media causes different
phenomena from the linear case. Generally, the nonlinear
response can be classified into local and nonlocal nonlinear
responses. When the characteristic length of response
function is smaller than the width of incident light, the
nonlinear response is local, and contrarily, it is a nonlo-
cal. In local nonlinear media, the coupled propagation of
beams can be described using coupled wave equation.
For nonlocal nonlinear media like lead glass and liquid
crystals, the coupled propagation of beams needs to be
described using the nonlinear Schrédinger equation and
Poisson equation.

During the propagation in nonlinear media, vector
beam experiences the incoherent coupling of two orthogonal
polarization components. Thus, under the conditions of
slow-variable envelope and paraxial approximation, the
transmission of vector beam can be described using the
nonlinear Schrédinger equation [146]:

8E1 1 9 2%2]%’

ik— = — FE FE 2| FE
ik——~=5V1 1+3 (IB1” + 2|Ex*) By,

8E2 1 2 2n2k:

ik— = — E FE 2|F FE. 31
k>~ =5ViEx + 3(\2\+|1|)2,()

where FE; and E, represent two orthogonal polarization
components of vector beam, k is linear wave number, n
and ny denote the linear and nonlinear refractive indices,
and V? represents the Laplacian operator. For Kerr
nonlinear media, the second terms on the right of two
equations represent the focusing behavior of wvector
beam. When Kerr effect and the diffraction effect cancel
each other, the beam propagates stably in the nonlinear
medium. And since the vector beam is subjected to self-
and cross-phase modulation, the state of polarization
changes during the propagation and the collapse or fila-
mentation phenomenon appears.

As one CVB with the power exceeding the critical
power propagates through one Kerr medium, two
orthogonal polarization components couple and the
vector beam splits, which is known as beam collapse.
The inhomogeneous polarization distribution of vector
beam can suppress the beam collapse and the weights of
orthogonal polarization components of vector beam
determine the propagation stability. Polarization distri-
butions of LPVBs and HPVBs through hot Rb atomic
vapor are also studied [147]. The results show that
polarization distributions of LPVBs are almost
unchanged. And yet the polarization distributions of
HPVBs rotate during the propagation, and Fig. 10(a)
shows the simulated results for the variation of polarization
rotation [148]. The polarization rotation of HPVB is also
influenced by the spiral phases of two orthogonal
components and the nonlinear refractive index.

Additionally, the EPVB collapse results in the filaments
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Fig. 10 Polarization rotation of HPVBs during propagating (a). Reproduced with permission from Ref. [148]. Collapse of
EPVB during propagating in a hot Rb atomic vapor with experimental results (top), theoretic results with atomic absorption
unconsidered (middle) and considered (bottom) (b). Reproduced with permission from Ref. [150]. Focusing of RVBs in Kerr

material (c). Reproduced with permission from Ref. [156].

and the number of filaments is related to the spiral
phases carried with orthogonal components [149]. And
the EPVB propagating through hot Rb atomic vapor
uncovers the relationship of the position of collapse and
the state of polarization. Figure 10(b) displays the
collapse process of EPVB in hot Rb atomic vapor with
and without considering atomic absorption [150]. The
results show that the filaments ultimately locate in the
circularly polarized position due to the atomic vapor
absorption. In the transparent medium [151], where the
atomic absorption is not considered, the energy accumu-
lates on the linear polarization and it leads to the
collapse position due to the larger nonlinear refractive
index caused by the linear polarization.

The polarization distribution of EPVB soliton in CS2
planar waveguide also rotates during the propagation
[152], and the state of polarization of the soliton ultimately
tends to stabilize at larger propagation distance. Yet for
two vector solitons in birefringent fiber, the polarization
distributions of two vector solitons change in different
ways and two vector solitons relatively move. Two solitons
do not collide but gradually separate through energy

exchanging [153]. The coupling of orthogonal polarization
components in photonic crystal fiber also influences the
stability and bifurcation of vector solitons [154]. The
adjustment of nonlinear coefficient in nonlinear fiber can
effectively control the intensity and spatial distribution
of vector soliton [155].

In nonlocal nonlinear medium, the propagation char-
acteristics of vector beam depend not only on the local
medium but also the close medium even covering a
larger region. This long-range nonlinear response endows
vector beam with unique modulation properties. For
simplicity, the nonlocal nonlinear Schrodinger equation
is often degraded to the Snyder—Michell model. In this
case, the far-field beam is represented by the nonlocal
response function R(r-r,), and Eq. (30) should be
rewritten as [157]
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where [; = |Ej? and two integrations represent the
normalized spatial response function of nonlinear
medium.

Unstable vector solitons in local nonlinear media can
change into stable bound states in nonlocal nonlinear
media. These bound states exhibit multi-soliton structures
in each polarization component [158]. The studies about
vector Laguerre-Gaussian solitons in local nonlinear
media, general nonlocal nonlinear media and strongly
nonlocal nonlinear media demonstrate the strong nonlo-
cality of medium can maintain the stability of vector
structure [159]. And for strong nonlocal nonlinear media,
vector vortex solitons exhibit stability during the propa-
gation [160]. The propagation of hybrid Poincaré sphere
beams in lead glass verifies that the stable propagation
of vector beam needs some specific conditions, like the
beam width and power ratio of two orthogonal polarization
components of vector beam [161].

Moreover, the self-focusing of vector beam in nonlinear
medium is also different from that in linear medium.
The self-focusing of RVB in Kerr medium shows the
longer self-focusing length and Fig. 10(c) gives the trans-
verse and longitudinal intensity distributions of RVB
and uniformly polarized Gaussian beam with the same
power [156]. The results show that the self-focusing
length of RVB is several times of that of scalar light.
Moreover, the self-focusing length of RVB decreases
with increase of power and it has relation to the order of
vector beam.

The propagation of dark vector soliton in nonlinear
medium may be different from the case of bright vector
soliton. The dark vector solitons in nonlocal nematic
liquid crystals may stably propagate under the weak
nonlocality case but unsteadily propagate under the
strong nonlocality case [162]. It is just opposite to the
case of bright solitons. This is because bright solitons
with the intensity concentrated in the central region
require strong nonlocal nonlinear to stabilize the beam
and suppress collapse. In contrast, dark solitons charac-
terized by an intensity dip surrounded by high-intensity
regions are less sensitive to collapse. Weak nonlocality is
sufficient to balance the nonlinear effect and diffraction
effect and maintain the stability of solitons.

5 Applications of vector beams in
micro-nano optics

Vector beams have attracted extensive attention due to
their spatially varying polarization characteristics, and
their applications have entered various fields including
optics [163], electrics [164], magnetics [165], material
science [166] and biomedicine [28]. Here, the applications
of vector beams in micro-nano optics are surveyed,
including micro-nano laser processing, optical micro-
manipulation, optical storage, and optical imaging.

5.1  Micro-nano laser processing

Structured intensity distributions induced by vector
beams are benefit to laser processing at the surface or
inside the structure with high precision nano-fabrication.
Femto-second vector beam is usually utilized to realize
nano-fabrication, and the minimum width of fabricated
metal nanoantennas can be up to the order of 100 nm
[167]. Since the focus spot of vector beam depends on
the deflection angle of vector beam, this means the line-
width of nanostructure may be further optimized.
Figure 11(a) shows the optimized results, and the line-
width of 63 nm is achieved under the LPVB illumination
with 24° deflection angle [168].

The polarization distribution of wvector beam also
influences the material surface patterning [169].
Figure 11(b) shows the oriented growth of spiral nanos-
tructures guided by the transverse polarization distribution
of vector beams [170]. In addition, hybrid periodic
nanostructures with parallel and vertically arranged on
the 4H-SiC surface form under the guidance of the AVB
pulses, with structural periods taking 1306 nm at high
frequencies and 500 nm at low frequencies [171].
Compared to the holes ablated by AVB, the nanopores
ablated by the strong longitudinal field using focused
RVB have smaller diameters, and Fig. 11(c) demonstrates
the structure of nanopores ablated by RVB on a
sapphire substrate by single-pulse ablation [23].

Vector beams can achieve high-precision micro-groove
processing on brittle and hard materials, which are often
applied in microfluidic and semiconductor manufactur-
ing. The RVB and AVB are used to ablate the micro-
grooves with the help of laser-induced microjetassisted
ablation. The shape of groove changes with the polarization
of vector beam, and the focusing RVB is used to
produce W-shaped grooves and AVB is used to produce
U-shaped grooves [172]. The non-uniform polarization of
vector beam makes surface scattering more uniform
through preventing an increase of surface roughness.
The AVB is utilized to ablate gentle and non-sharp
grooves on brittle materials such as silicon carbide, and
it effectively reduces micro-cracks and avoids large
groove taper angles [173]. Meanwhile, the CVB is also
used to ablate rusted steel and titanium surfaces, and
the surface roughness of ripples is relatively lower [174].
The CVB in femtosecond laser ablation produces deeper
one- and two-dimensional patterns with lower roughness.

In addition to surface laser processing, vector beams
can also be used for the fabrication of nano-structures
within transparent materials. High-order vector Bessel
beams is used to achieve three dimensional structure in
transparent media with the help of femtosecond laser-
induced nonlinear effect [175], and it is also suitable for
the fabrication of complex volume devices. Certainly,
with the increase of processing accuracy and the realization
of nonlinear processing, vector beams will provide one
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powerful tool for future micro-nano fabrication and
precision manufacturing.

5.2 Optical micro-manipulation

One micro-nano particle illuminated by one focusing
beam experiences the scattering force and absorption
force as well as gradient forces. The gradient force originates
from the interaction between the induced electric dipole
in the particle and the electromagnetic field, and it
causes the particle to move toward the center of focal
spot. The scattering force and absorption force arise
from momentum exchange between the particle and
photons, and they drive the particle outward from the
focal spot. When the gradient force exceeds the others,
the particle is trapped at the center of focal spot. This is
optical tweezing or optical trapping. Vector beams offer
high-precision manipulation of particles.

Quantitative analysis of optical forces exerted on
particles can be performed using the Richards—Wolf
vector diffraction theory. The RVB may create deep
optical potential well that produces a strong longitudinal
gradient force. This enables efficient trapping of parti-
cles, like metallic Rayleigh particles [19]. Figure 11(d)
illustrates the glass sphere displaced from the focal spot
of vector beam is drawn back to equilibrium under the
action of optical forces [163]. In contrast, the AVB
optical torque on trapped particles, which
confines them to an annular region and causes them to
rotate along the optical axis [176]. Thus, three-dimensional
manipulation of particles can be achieved through simul-
taneously utilizing RVB and AVB. The optical cage
created by dual mode CVBs enables the trapping of low-
refractive-index particles such as cold atoms [177].

For the birefringent particle, the interaction between
the vector beam and the particle may cause a non-
uniform spin current. Figure 11(e) shows that one large
particle is stably trapped by the focusing RVB and one
small particle is induced to rotate in clockwise direction
[178]. Conversely, the particle cannot be trapped by the
focusing AVB, but rotates instead. For the intermediate
scale Rayleigh particle, the transverse trapping caused
by focused vector beam depends on the particle radius
and the incident wavelength [19]. For metallic particles
with the size reaching the micrometer scale, the gravita-
tional force becomes comparable to the optical force,
and the manipulation of particles is different from the
above cases. With the help of gravity, three-dimensional
manipulation of micrometer-sized particle can be realized
and Fig. 11(f) shows dynamic manipulation of microme-
ter-sized gold particle under the effect of the optical
force with opposite direction to gravity [179].

Furthermore, the flat-top vector beam is proposed to
trap and control micrometer-sized particles, and the
power obviously influences the motion trajectories and
the probability density distribution of particles [180].

exerts

Hybrid vector beam carrying spiral phase provides
multiple degrees of freedom for particle manipulation,
and the studies show the trapping position of particle
relates to the topological charge of incident light.
Besides, one hybrid vector beam can realize the trapping
of multiple Rayleigh particles [181]. Hybrid vector beam
carrying fractional spiral phase can trap the chiral nano-
particles, and the adjustment of the topological charge
also enables simultaneous trapping and manipulation of
multiple particles [25].

As for the issues of efficiency and stability of optical
trapping, the theoretic and experiment works are
performed. The particle size, trapping depth and numerical
aperture influence the efficiency of optical trapping,
which may be analyzed using generalized Lorenz-Mie
theory [182]. Traditional RVBs induce scattering forces
on the trapped particles, and they reduce the stability of
optical trapping. The utilization of double axicon in
experiment may reduce scattering force so as to enhance
the trapping stiffness [183].

5.3  Optical information processing

The rapid growth of data volume has driven an increasing
demand for information processing with high capacity
and strong security using the integrated devices. Optical
information processing with its advantages of high
density, low energy consumption and long-term preser-
vation is a key technology for future information trans-
mission. Vector beams with complex polarization carry
high-dimensional information and they can significantly
enhance the capacity and performance of optical
systems. Through modulating the polarization distribu-
tion, phase distribution and topological structure of
vector beams, multidimensional information storage and
retrieval can be achieved within the same medium [184].

The inseparability of the spatial and polarization
degrees of freedom of vector beams enabling the 2-bit
information encoding [185]. The non-orthogonal states of
polarization of vector beams are used to encode and
decode information. The optimized convolution neural
network can distinguish smaller polarization angular
differences, and it improves the information encoding of
vector beams up to 8-bit, which enhances the encoding
capacity and propagation accuracy in optical systems
[186].

Vector beam may realize the high-density multidimen-
sional information storage through encoding state of
polarization, phase and amplitude, and it allows more
information to be stored in one single medium. Image
information can be integrated into different states of
polarization through designing the structure of metasur-
face. Figure 12(a) verifies the availability of multidimen-
sional optical storage based on vectorial metasurface
consisting of GAN nanopillars with 300 nm period,
where the image information is stored in the intensity,
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Fig. 12 Vector holography based on birefringent holographic metasurface (a). Reproduced with permission from Ref. [187].
Information encoding with angular multiplexed metasurface (b). Reproduced with permission from Ref. [189]. Process of
encryption and decryption using vector beams, where the metasurface period is 300 nm and the height is 400 nm. (c) Reproduced
with permission from Ref. [190]. Multichannel metadevice for anticounterfeiting and encryption (d). Reproduced with
permission from Ref. [191]. Super-oscillatory focusing of RVB (e). Reproduced with permission from Ref. [192]. Resolution of
EPVB in stimulated emission depletion microscope (f). Reproduced with permission from Ref. [29].

ellipticity, azimuth angle through modulating amplitude can be further increased by combining wavelength multi-
and relative phases of its right and left circularly polarized plexing and angular multiplexing. The utilization of
components [187]. segmented CVBs combined with wavelength multiplexing

In addition, the parallel information processing ability is proposed. Each segmant of CVB independently
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encodes different information, and 24-channel information
may be stored in a 30 pm? area through 8 states of
polarization and 3 wavelengths [188]. Figure 12(b) shows
the reading results of image information with different
polarization states based on the designed metasurface,
which are achieved using the polarization and angular
multiplexing [189].

In addition to direct information storage, vector
beams are also employed in encrypted storage in order
to increase data security. The stored information may be
encoded in vector beams by modulating spiral phase and
phase difference of left- and right-handed circularly
polarized components. Figure 12(c) illustrates the
encryption process and decoding process using four
different vector beams [190], where the metasurface is
formed by combining phase information from stored
images with certain vector polarization. Only the defined
vector beam can obtain the correct image, while incorrect
vector beams result in a blurred and undifferentiable
image.

In addition to the utilization of states of polarization
for selectively reading information, the orbital angular
momentums carried by the polarization components of
vector beam are also used to achieve information
encryption and protection. Figure 12(d) demonstrates
the information anti-counterfeiting using states of polari-
zation and orbital angular momentum modes with the
help of the designed multichannel metasurface [191],
where the anti-counterfeiting image is stored in the non-
uniformly distributed polarization, and the other two
image information stored in the OAM beams. This
provides more possibilities of high-density data anti-
counterfeiting.

5.4 Microscopic imaging

In order to overcome the diffraction limit and improve
spatial resolution in optical microscopy, several
advanced imaging methods including subtraction imag-
ing, nonlinear imaging, super-oscillation imaging and
stimulated emission depletion microscopy have been
developed. Vector beams can offer high resolution and
large contrast for optical imaging [193], and the combi-
nation of vector beams and microscopy will bring
remarkable progress for microscopic imaging.

RVB exhibits the tight focusing effect and AVB
provides dark focusing spot with smaller size. The
utilization of two beams may realize the super-resolution
imaging. Confocal images of RVB and negative confocal
images of AVB are proposed to enhance imaging quality
[194]. Compared to conventional confocal microscopy
and fluorescence emission difference using scalar beams,
this method achieves higher resolution and low background
noise. Furthermore, the deconvolution of fluorescence
emission difference images with the CVB illumination
further enhances the resolution.

Figure 12(e) illustrates the super-oscillatory focusing
of the RVB [192]. Where the side lobe is excellently
suppressed, and the transverse resolution approaches
100nm by adjusting the beam parameters, radial polar-
ization order and confocal pinhole size. For further
suppressing the intensity of side lobes, a m-phase-ring
mask is introduced into the confocal microscopy system.
The RVB passing through this confocal system can
distinguish two close fluorescent molecules [195].

Vector beams have also been applied to stimulated
emission depletion microscopy, and the super-resolution
imaging of arbitrarily oriented molecules is realized with
the EPVB illumination in stimulated emission depletion
microscopy. Figure 12(f) shows the resolution analysis of
microscope imaging with the EPVB illumination, two
orientation independent fluorescent single molecules in
the longitudinal and transverse planes are distinguished
by the deflection angle and the intensity of the petal
threshold, and the transverse resolution gets improved
under the optimal threshold condition [29]. In addition,
the addition of a pair of focused CVBs enhances the
axial resolution [192, 194].

6 Summary and outlook

Due to the unique polarization distributions, vector
beams exhibit many amazing properties during the prop-
agation and they have attracted much attention in various
fields. Recently, the attention to vector beams no longer
concentrates only on the CVBs with symmetric polarization
distributions and their applications, but the studies
about vector beams have also been extended to the ones
with asymmetric polarization distributions and even
carrying the spiral phase. Thus, this review tries to
systemically summarize the fundamentals and applications
of diverse vector beams.

With comparison to the existing reviews about vector
beams, this review describes the mathematical represen-
tations of vector beams in different polarization bases,
and the intuitive polarization patterns of various vector
beams are provided. This offers the foundation for the
advancement of generation methods of various vector
beams. Especially, this review provides the theoretical
description about the propagation of vector beams in
different situations and the propagation rules of vector
beams passing through different media uncover the relation
of light field, vector beam and the media.

There are undoubtedly many important works that
have not been systematically covered in addition to
those included in this review. Partially coherent vector
beams show more robust against complex environmental
disturbances and offer new directions for the applications
in complex environments like optical encryption [196].
Furthermore, the other works are about high-power
vector beams, which solve the issue about insufficient
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power in vector beam laser processing and can realize
significant applications in micro-nano fabrication and
high-precision material cutting [197]. The quantum
entangled vector lights can cause super high-resolution
and fast electromagnetic field dynamics [198], and they
will bring new applications in the construction of quantum
information networks [199] and ghost imaging [200].

Besides the applications of vector beams summarized
in this review, more applications may emerge in the
future in pace with the deeper studies. The vector beams
have high sensitivity on media and they can be utilized
to develop the molecule type and concentration detection
of chiral media [201]. This technique can further be
expanded to monitoring chiral compound synthesis,
quantifying organic compound concentrations in the
atmosphere and biomedical detection. The absorption of
vector beams in atomic media can be used for vector
magnetic field measurements because of the sensitive
magnetic response [202]. This monitoring technique
holds great potential in geomagnetic field surveys and
the detection of weak magnetic signals from biological
tissues. The association with parity enables the vector
beams in parity-demultiplexed CVB-encoded holography
[203].

Furthermore, the potential applications may emerge
along with the appearance of new-type vector beams.
The vector skyrmions can create with higher degrees of
freedom [204], and the manipulation of vector skyrmions
will realize efficient and durable information storage and
enhanced electronic detection. The metasurface technique
provides effective tool for integrated optical devices [205]
and these integrated optical systems with smaller size,
lower power consumption and higher efficiency make
vector beams widely applicable in portable devices. The
vector beams may be integrated into many frontier
fields such as nanobots, magnetic field surveying, micro-
sensors, and augmented and virtual reality.

In conclusion, this paper provides a comprehensive
review of the research about vector beams, from the
fundamental concepts, generation methods, transmission
characteristics to typical applications in micro-nano
optics. It partly solves the problems about how to
describe vector beams, how to generate vector beams,
how to analyze the propagation of vector beams in
different conditions and how to apply vector beams in
different fields. We hope it will provide the beginners
some enlightenment and the researchers some help to
enter the studies about vector beams. We believe that
vector beam will play an indispensable role in the following
development of science and technology, and the applica-
tions of vector beams will emerge in wider fields.
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