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Light fields with spatially structured states of polarization (SoPs) are gathering increasing attention because of their
potential applications from optical imaging and micromanipulation to classical and quantum communications. Meanwhile,
the concepts within structured light fields have been extended and applied to acoustic, electron, and matter waves. In this
article, we review recent developments of the SoP modulation of light fields, especially focusing on three-dimensional
(3D) modulations on the SoPs of light fields. The recent progress and novel implementations based on 3D spin-dependent
separation are discussed. Following the discussions to this physical phenomenon, we then describe recent developments
on the vector fields with 3D structured SoP and intensity distributions, namely, 3D vector fields. The discussed phenomena
inspire us to explore other structured light fields for the expansion of applications in biomedical, information science,

quantum optics, and so on.
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1. Introduction

Polarization, as a basic property of wave, was initially
introduced to specify the oscillation orientation of transverse
waves. Likewise, for light or other electromagnetic waves,
polarization refers to the vibration of the electric field, char-
acterizing the vector property of light waves, and its special
role in the light—matter interaction enables many optical de-
vices and systems to be possible. The propagations of polar-
ized light waves and their interactions with various dielectrics
have been widely studied, involving the applications in op-
tical measurement, detection, display, and communication, as
well as the fundamental realms of material science, astronomy,
and biomedicine. In such researches, whether in isotropic or
anisotropic materials, the light wave keeps a common feature
that its state of polarization (SoP) is homogeneous in the cross-
section, such as the linear and circular polarizations.

Some light fields with inhomogeneous SoPs, as special
vector solutions of Helmholtz equation, have been extensively
studied and demonstrated intriguing phenomena.!!?! For in-
stance, the radially polarized light field, which has azimuthally
variant SoP that depends on the transverse position, remark-
ably, presents extremely enhanced longitudinal component
and sub-diffraction limited focal spot.*~"1 Such fields have
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been demonstrated with the application prospects in super-
resolution imaging and machining, micromanipulation, optical
and magnetic recording, and enhanced nonlinear effects. 8201
Moreover, the spatially structured SoPs within vector fields
support another degree of freedom for mode multiplexing
and encoding information for optical communication.[>!-?%]
Hence, in the past decade, exploring novel vector fields with
remarkable propagating and focusing property was becoming
an interesting topic of beam physics.[23-26]

It is well known that light wave is a transverse wave, that
is, in free space, its electric vector is perpendicular to the prop-
agation direction. Accordingly, the modulations of SoP mostly
devote to engineer light fields with spatially inhomogeneous
SoP in the cross-section, including in free space and opti-
cal media.[?”"* In other words, the modulations of SoP are
limited in two-dimensional plane (i.e., the x—y plane). How-
ever, in waveguide and other confined propagating conditions,
light fields exhibit nonzero longitudinal components.*>~47]
For such special cases, some intriguing physical phenomena,
such as transverse spin angular momentum (SAM) and related
spin Hall effect of light (SHEL), have been observed.[*8-3%]
On the other hand, under the demands of light manipulation
and related applications, the new spatial degree of freedom

is increasingly important. Some elaborate vector fields with
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longitudinally variant SoPs have been purposefully proposed,
exhibiting new effects and phenomena that can expand the ap-
plications and enhance the capability of vector fields.
Moreover, the modulation of SoP in more spatial degree
of freedom further reveals the electromagnetic nature of light
and enriches the modern optics theory. Remarkably, the fun-
damental physical theory of spin—orbital coupling has been in-
troduced into steering the SoP.’!=331 In this principle, serials
functional elements based on this elegant theory, such as lig-

[5154.55] qub-wavelength gratings, >6-7)

uid crystal elements,
and metasurfaces,’’®>1 have been proposed, providing ef-
fective technical means for many applications, such as spin-
dependent holography, information encryption, transmission
optical imaging, etc.[?!

In this review, we report on the recent progress in three-
dimensional (3D) modulation on SoP of light fields and focus
on the evolution dynamics of transverse SoP in 3D space. In
Section 2, we discuss the generalized 3D spin-dependent sepa-
ration, in the consideration of transverse SoP conversion along
with beam propagating and focusing. In Section 3, we give an
overview of the 3D vector fields, including the vector beams
with longitudinally oscillating SoPs and 3D vector focal fields.
Finally, we briefly discuss the fundamental and technological
challenges, as well as the outlook of anticipated future expan-
sion of the 3D modulation on the SoP.

2. 3D SoP modulations based on spin-dependent
separation

Generally, a light beam propagating in free space, as a
solution of scalar or vector Helmholtz equation, keeps its SoP
upon propagation. However, some light beams with structured
SoPs in the cross-section were recently reported to have strik-

()

ing evolution dynamics, e.g., SHEL, that is, two opposite spin
components separate from each other with propagating. "]
These typical phenomena are commonly induced by the struc-
tured phases arising from the process of polarization con-
version. In other words, due to the corresponding relation-
ship between phase gradient in position space and vector in
momentum space, various optical elements with specific ar-
chitectures and phase modulation effects, such as subwave-

61621 metasurfaces,®” and liquid crystal de-

length gratings, |
vices, have been successively reported and demonstrated to be

efficient for manipulating the SoP of light fields in 3D.

2.1. PB phase induced spin-dependent separations

The Pancharatnam-Berry (PB) phase, arising from the
polarization conversion, has attracted rapidly growing inter-
ests in the fundamental physics and SoP modulations.[63-67]
Here, we generalize such phenomena and conclude a corre-
sponding modulation model, of which the PB phase generation
is schematically illustrated in Fig. 1.1°1 As shown, for an in-
cident light field with homogeneous SoP, it can be depicted as
Ei, = Eplaexp(—@o/2)er + bexp(¢p/2)er], where Ey is the
amplitude, @ is a constant phase, a and b are the normalized
amplitudes with a+br=1, er 1. denote the right-hand (RH)
and left-hand (LH) circular polarizations, respectively.33-68]
Supposing that the two spin states are independently con-
trollable in the polarization conversion process with identical
transmission rate and light path, thus the SoP of the output
light field is dependent on the phases appending on the two
spin components, namely, the PB phases, which are generally
described by the solid angles corresponding to the polariza-
tion conversion trajectory denoted on the Poincaré sphere, as
shown in Fig. 1(b).

(b)

Ry r, Optical
System

Input

S

Ry

O
L,(Lp)

Fig. 1. (color online) (a) Schematic illustration of PB phases arising from polarization conversion and corresponding evolution
dynamics of two spin components under the modulation effects of PB phases. (b) PB phases corresponding to the point denoted by

red spot in inserts of A and B. R and L denote the RH and LH circular polarizations, respectively.

In general, the polarization conversion shown in Fig. 1(a)
can be described by an inhomogeneous half wave plate, which
has spatially variant optical axis denoted as ¢(x,y) but identi-
cal transmission rate 7(x,y) = 1. Considering that the LH spin

component is input into the system, the corresponding output

[60]

component can be expressed as (%)
B B cos2¢  sin2¢ 1
E. = M-eL=Ey sin2¢ —cos2(p} {1}
= Egexp(i2@)ex, ey

where M 1is the Jones matrix of the inhomogeneous wave
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plate. Equation (1) clearly indicates that the LH spin compo-
nent obtains an additional phase denoted as y, = 2¢(x, y), this
special phase arising from polarization conversion is the very
PB phase. Moreover, it is notable that this component flips the
SoP into a RH circular one. Likewise, the RH spin compo-
nent obtains an additional phase denoted as yr = —2¢(x,y)
and transforms into a LH circular polarization. Supposing
a=b=1/ /2, the output field immediately from the optical
system can then be consequently described as

Eou (x,y) = Eo [ei(WL_%)eL+ei(WR+¢O)eR]/\/E
i YRHVL —
= Epe ( E ) {cos (WRZWL —Hpo) e,

+ sin ("’R;"’L + (P0> ey} . @)

Equation (2) indicates that the output field transfers local
SoP along an angle (Wr — WL.)/2 + @, but keeps its intensity
profile at the immediate output plane. Importantly, the append-
ing phases yr and yj, i.e., the PB phases, make it possible to
control the evolution of the two spin components by engineer-
ing phase structures, resulting in intriguing phenomena such as
spin-dependent separation and spin-dependent guiding.[%%-7%]
Take the typical selection of PB phase that has a linear func-
tion as an example, e.g., Wi r = Tk,x. For this case, two spin
states would obtain two mutually conjugate titled phases, re-
sulting in the transverse separation with each other upon prop-
agation. Such a macroscopic spin-dependent dynamic of light
was firstly implemented by Hasman using spatially variant
subwavelength grating.[’3] Remarkably, Zhang et al. observed
extremely enhanced spin-dependent transverse separation by
using meatsurface based on PB phase theory.’#! Ling et al.
reported a giant spin-dependent separation by using dielectric
metasurface fabricated by the femtosecond laser self-assembly
nanostructure.!”>! Analogous to the dynamic behavior of spin
electrons in solid-state system, i.e., spin Hall effect, such kind
of transverse separation, referring to two opposite spin states
of light, is also named as SHEL.[76-78]

In addition, combining the linear phase with spiral phase,
we realized the manipulation of SAM and OAM separation
simultaneously. For instance, figure 2 displays the transverse
separation of two constituent components with opposite SAMs
and OAMs. [ Figure 2(a) depicts the intensity and polariza-
tion distributions at the output plane of polarization conversion
system. For such a special case, the PB phases are designed
as Y r = £(kyx+@). As aresult, the resultant field presents
a hollow core, and horizontally variant SoP. Figures 2(b)-2(d)
display the experimentally measured two constituent compo-
nents, SoP distributions, and evolution process, respectively.

Clearly, two components carrying opposite OAMs occur spin-

dependent separation upon propagation, under the modulation
of linear PB phase.

Owing to the geometric flexibility, the PB phase was fur-
ther designed to realize fetching modulation, e.g., longitudinal
spin-dependent separation. [°) Two conjugate spherical phases
that enable the shift of focal length are introduced into PB
phases, for which the convergence and divergence phases de-
noting as YR = +(ar?) are encoded into a square phase of
exp(iar?). For this case, two spin components respectively
focus into the focal planes f (o + &), resulting in the longi-
tudinal spin-dependent splitting. According to this principle,
Hasman et al. created PB phase lens element composed by
subwavelength grating with radially variant orientation. [7?-80]
When illuminating this PB phase element, longitudinal multi
Furthermore, the PB
phase-based multi-foci lens has also been realized by using

focal spots with variant SoP appear.

segmented metasurface with azimuthally variant phase mod-
ulation effect.!3!! Interestingly, such multi-focal polarization-
dependent lens generates focal field with longitudinally variant
spot number and SoP that depend on the degree of polarization
of incident beam.

100um

(unit: mm)

0 20 40 60 80

Fig. 2. (color online) Spin-dependent separation induced by PB phases upon
propagation. (a) Initial field with polarization direction marked by red arrow-
heads. (b) Horizontally and vertically polarized components of output beam.
(c) The distribution of output beam after propagation (top), and the corre-
sponding S5 distribution (bottom). (d) Side view of the beam propagation.[¢"]

Beyond that, combining this longitudinal spin separation
with the transverse one, it is possible to achieve arbitrary spin-
dependent separation in 3D space.®”) The PB phase in this
case can be expressed as a polynomial like yr = kyx + kyy +

or?.

The first two terms and the third term are the phase
factors of plane and spherical waves, respectively, providing
three degrees of freedom along x, y, z axes to control the
spin-dependent separation in 3D space. The positions of focal
points (xr, Yr, zr) and (xr, yL, zr.) are determined by the pa-

rameters ky, ky, o, following xr 1. = kezr /K, YR L = kyzr L/,
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and zr 1 = f(op = &). Figure 3 shows an experimentally mea-
sured 3D spin-dependent separation. Obviously, this spin-
dependent separation increasing along z direction actually per-
forms an equivalently longitudinal SoP modulation. As above
presentation, this modulation principle has been successively
applied to various functional elements for the implementations
such as geometric-phase lens and prism, spin-dependent holo-

gram, and so on.

(unit: mm)

0 20 40 60 80

Fig. 3. (color online) 3D spin-dependent separation. (a) Horizontally and
vertically polarized components. (b) Distributions of S3 at z =25 mm and
75 mm. (c) Side view of intensity evolution in the x—z plane. ]

2.2. Wave front modulation induced spin-dependent sepa-

rations

In addition to the PB phase modulation strategy, some
modulations affecting the wave front of vector beams have
also been reported to achieve spin-dependent separation. Sim-
ilarly, these methods are both based on the principle that the
vector beam is the coaxial superposition of two spin compo-
nents carrying opposite spiral phases. For a cylindrical vector
beam, two opposite spin components generally have equiva-
lent phase topological charges, i.e., |I[r| = |I.|, exhibiting iden-
tical propagation dynamics.[%%82-841 A5 a whole, the SoP in

the cross-section remains invariant during propagation. How-

ever, once the vector beam has an additional phase, e.g., the
vector vortex beam, of which two spin components have dif-
ferent topological charges, i.e., |Ir| # |/L|, these distinct phases
will significantly influence the evolutions of the two spin com-
ponents due to the strong dependence of cross-sectional inten-
sity profile and Gouy phase on the topological charge.[8>85-87]
That is, the two spin components that compose the vector vor-
tex beam do not keep identical intensity profiles and dynamic
phases during propagation. Meanwhile, considering the rota-
tional symmetry, the two spin components consequently occur
radial spin-dependent separation. As a whole, the vector vor-
tex beam simultaneously presents radially and longitudinally
variant SoP.

We note that, such a z-dependent variation has the max-
imum effect at far-field, i.e., z — o. In experiment, the
Fourier transform with a lens is a common method to achieve
such a special condition. We demonstrated such kind of
spin-dependent separation and 3D SoP variation by detect-
ing the SoP distribution at the Fourier plane of vector vortex
beams. 38! Figure 4 shows the experimentally measured SoP
transition of focused vector vortex beams with different polar-
ization orders and phase topological charges. The correspond-
ing theory and experiment results show that, the SoP transition
is related to the parity of smaller modulus between polariza-
tion order m and topological charge [. Moreover, the focal
fields of vector vortex beams show radially variant polariza-
tion distributions resulting from the unequal intensity propor-
tion of two spin components, namely, radial spin-dependent
separation. Remarkably, this radial spin-dependent separation
has been successfully used to enrich the optical manipulation
of micro-particles'®®! and construct focal fields with typically

spatial properties.[?0-91]

=1

=2

m=

1, I I,

I, I, I,

Fig. 4. (color online) SoP transition of vector vortex beams with different polarization orders and topological charges. The polarization

order and topological charge are denoted as m and /, respectively.

[92

The caustic phases,[°?! which produce significant evolu-

tion dynamics such as arbitrary curve trajectory and transverse

93-1001 have recently been introduced into vector

acceleration, [
beams to manipulate SoP, SAM and OAM fluxes in 3D space,
producing physical interests such as spin—orbit interaction and

polarization singularities conversion. Figure 5 shows the aut-

[88]

ofocusing of radially polarized Airy beams without and with

1011 From the experimental re-

a single charged spiral phase.!
sults, it is clear that, under the modulation of spiral phase,
the radially polarized autofocusing Airy beam occurs abrupt
polarization transition, associated with spin—orbit interaction.

Likewise, this impressive phenomenon has been revealed ac-
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cording to mode superposition theory. However, it is notewor-
thy that, when the attached topological charge and the polar-
ization order of the Airy beam are equal in number, the local

SoP undergoes an abrupt transition from linear to circular po-
larization at the focal point, exhibiting an intuitional result that
the associated OAM partially coverts into the spin of photons.

0.25mm

-1

Fig. 5. (color online) Autofocusing of radially polarized Airy beams without (top) and with (bottom) a single charged vortex phase.
(a) and (c) Intensity patterns at pupil and focal planes, respectively. (b) Side view of the beam propagation from numerical simulation.

(d) Measured beam polarizations at focal plane.[101]

We have further encoded complex caustic phases onto the
vector vortex beams. Figure 6 shows the spin-dependent sep-
aration of vector abruptly autofocusing beam encoding with
cosine-azimuthal variant phase denoted as @ = cos(n¢).!1%%!
Obviously, the spin-dependent separation induced by this typ-
ical caustic phase presents strong dependence on the parity of
factor n. This relationship was approximately mapped by em-
ploying the local spatial frequency, which establishes a simple
mapping relationship between the focal field intensity and the
pertinent phase distribution of the input field.[*”! According to
this theoretical principle, focal fields with desirable intensity,
SoP, and phase structures were realized by consciously manag-
ing the cosine-azimuthal phase. Actually, this mapping theory
supplies a commonly inverse approach to engineer the caus-
tic phase, for the steering of spin—orbit interaction and optical

micro manipulation, [103-104]

n=1 n=2

Fig. 6.

(color online) Cosine-azimuthal phase modulated spin-
dependent separation of vector autofocusing Airy beams with polariza-
tion order of m = 2. The top, middle, and below rows correspond to the
intensity patterns of total, RH, and LH circularly polarized components,

respectively.[10?]

Moreover, it is possible to steer the spin-dependent sep-
aration by modulating the amplitude profile of vector beams
in the cross-section. Owing to the rotational symmetry of
cylindrical vector beams, various amplitude modulations aim-
ing to break this property have been proposed, resulting in
conceptual and application interests.[82-84105.1061 Remarkably,
the fan-shaped masks that have sectorial photic region, attach-
ing onto a vortex beam, produce transverse energy flow to
gradually transfer the energy to the opaque region upon beam

(1051 Figure 7 schematically illustrates the trans-

propagation.
verse energy flow induced spin-dependent separation of cylin-
drical vector beam, under the amplitude modulation of a fan-

106]' As shown, two spin components carrying

shaped mask.!
opposite spiral phases take opposite angular rotations, under
the effect of transverse energy flow arising from the symmetry

broken of OAM.

Lons Focal field

Fig. 7. (color online) Schematic illustration of spin-dependent sep-
aration of azimuthally polarized (AP) beam induced by amplitude
modulation. [106]

AP beam

This diffraction dynamic can be semi-quantitatively de-
scribed by the angular diffraction theory.[!9] That is, after the
fan-shaped aperture, the transmitted field can be described as
a series of OAM spectra, with distinct complex amplitudes
and topological charges. Then the total diffraction field is
the superposition of these diffractive OAM spectra, which can
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be described by the Fresnel diffraction theory. According to
this, we proposed a theoretical model for explicitly explain-
ing the diffractive dynamics of azimuthally broken vector vor-
tex beams.[!%! This model reveals that the spin-dependent az-
imuthal separation is closely related to the polarization order
of the modulated vector beam and the diffraction distance. The
results shown in Fig. 8 are the dependence of rotation angle

/L

of two spin components on the polarization order and diffrac-
tive distance.8?] For the vector beams carrying zero OAM,
two spin components rotate equivalent angles along opposite
azimuthal directions. While for the vector vortex beams car-
rying nonzero OAM, the additional OAM enables the manip-
ulation of spin-dependent separation, namely, the angle width

between two spin components. 7]

RN P N TN R SENLY R 5 i
60 (@ B 80
e C ] o—
o 40} d s 60
N [ B -

o 1 &
S O R S 40
= L " |L>] 20

" 1 1 1 1 1 V[ P R

0 1 2 3 4 5 48 50 2

171

z(m)

Fig. 8. (color online) Rotation angle |A@| versus the (a) polarization order |/| and (b) diffractive distance of fan-shaped vector beams.
The diffractive distance corresponding to (a) is z = 25 cm, and the angular widths of photic regions are 7/2.[8?!

From the results shown in Fig. 8(b), it can be concluded
that the rotation angle has the maximum value of /2 at far-
field. This means that the spin-dependent azimuthal sepa-
ration reaches its maximum value of 7. This phenomenon
has been demonstrated in the focal field of azimuthally bro-
ken vector vortex beams. According to this principle, some
rotationally symmetric amplitude and phase masks, as well
as vector beams with multiple singularities, have been pro-
posed to redistribute SAM, OAM, and energy flow in the

e 1411081101 Tnterestingly, this modulation method

focal plan
and controllable spin-dependent separation have been demon-
strated with the application possibility in optical information

process.! 1]

3. 3D vector beams

The above discussed 3D varying SoP mainly arises from
the off-axial superposition of two spin components, that is,
the accumulated spin-dependent displacement. Besides this,
various vector beams consisting of two coaxially superposed
spin components, with longitudinally variant SoP, have been
proposed. [104112-118] Thege vector beams with 3D designed
SoP and intensity structures are also named as 3D vector
beams, exhibiting quite attractive potentials for a variety of
practical applications such as optical trapping, atom lithogra-
phy, quantum information processing, optical machining, and
light—matter interaction.

3.1. 3D vector beams based on longitudinal amplitude
modulations

To construct a vector beam with longitudinally variant
SoP, we started from the SoP description method.!'"! Fig-
ure 9 depicts the common Poincaré sphere description method
of SoP. Each point on the Poincaré sphere, denoting by angu-
lar position (2¢,2)), corresponds to one SoP that consists of

arbitrary two bases with orthogonal SoPs, that is, two points
that are centrally symmetric with respective to the sphere

center. 120

| For instance, two crossing points of prime merid-
ian and equator that correspond to the horizontally and verti-
cally polarized states are a pair of bases. Accordingly, each
point on the spherical shell can be decomposed into these two

bases with variant amplitude ratio or phase difference.

—D—x

—D--

Fig. 9. (color online) Poincaré sphere description method of SoP.

—

For simplicity, we coaxially superposed two constituent
beams with opposite linear polarizations, i.e., the horizon-
tally and vertically linear polarizations, and supposed these
two constituent beams having Bessel functional intensity pro-
files in the cross-section. It is well known that, Bessel
beams are spatially structured beams with the property of non-
diffraction and self-healing, typically maintaining their SoP

[121-128] Baged on this, we further assumed

during propagation.
that the total field has a Bessel profile and longitudinally vary-

ing SoP, the electric field E can thus be expressed as!!!?]

2

E(rz) = exp <v’;(2)> Jo(ker) expl(ik.z)
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Eu(z) e
[aewal ®

where Ey v(z) are normalized on-axis field distributions (ax-
ial envelopes) corresponding to the horizontally and vertically
polarized bases, respectively, and Oy v(z) are phase retarda-
tions independent of dynamic phases. The SoP depending on
the Jones vector can be intuitively characterized by the ellipse
angle x and orientation angle y, which are given by

2EHEV sin(6H — 5\/)

sin2y = ,
x Ej+E}
2EHE -
tan2y = =1 VZOS(‘S’; d) (4)
ls}{ - lz\/

Equation (4) clearly provides two schemes to steer the longi-
tudinal variation of SoP, that is, engineering two components
with z-dependent axial envelopes and phase difference, i.e, en-
sure Ey(z)/Ev(z) # const. or 8y(z) — Oy (z) # const.

As is well known, any azimuthally independent field can
be divided into a serial of Bessel spectra. This means that the
constituent Bessel beams described in Eq. (3), with varying
axial envelops denoting as Ey v(z), can be constructed from
the superposition of Bessel functional spatial spectra.!'?%) Ac-
cordingly, the spatial spectra can be created based on the in-

verse Fourier transform expressed as!!!?!

UH,V (\/k2 —k%,z = 0)

1
- 27k,

F 1 Env(z) exp(ikpz)] .- (5)

The corresponding modulation mechanism is schematically
illustrated in Fig. 10. As shown, a linearly polarized input
beam is split into horizontally and vertically polarized beams,
then two constituent beams after independently spatial spec-
trum modulation are transformed into two quasi-Bessel beams
with pre-shaped axial envelops.!'!'?) Note that, here we engi-
neered two constituent beams having complementary intensity
profiles, which enables the total field to present longitudinally
variant SoP and uniform intensity profile. Clearly, the axial
variation of intensity ratio results in the longitudinal varia-
tion of SoP. With this method, we constructed zeroth order

(a)
2 5

\XL
Re(Fy)

quasi-Bessel beams with uniform axial intensity but longitudi-
nally varying SoP. Moreover, we demonstrated the possibility
and flexibility of manipulating the trajectory, speed, and pe-
riod of SoP transformation by changing the basis states, axial
envelopes, and initial phases.

t

Mask Rehaped quasi-Bessel beams

Lens

Fig. 10. (color online) Schematic illustration of reshaping the axial in-
tensity envelops of quasi-Bessel beams. 2]

There is another implementation method for functional
intensity envelope, the Frozen wave (FW),[130-132] which con-
sists of a suitable superposition of co-propagating Bessel
beams with equal frequency but different transverse and longi-
tudinal wavenumbers, having the advantages of static envelope
and arbitrary adjustable longitudinal intensity pattern. Further-
more, the FWs have been successively designed to construct
3D vector beam with higher polarization order. The electric
field of FW composed by 2N + 1 Bessel beams of order / can

be given as!!3!)

. N - .
Fi(p,¢,z.t)=e ' Y Aui(kp)eicel’,  (6)
j=-N

where A; is the weighting factor for Bessel spectrum, deter-
mined by the distribution of desired light field. Figure 11
schematically shows the construction principle based on the
FWs with sinusoidal functional axial envelopes and opposite
spin states.!!!7] Suppose that two FWs have a constant phase
difference @y = —n/2 and independent OAMs denoting as
mh and nfi. Therefore, the composed field varies its inho-
mogeneous SoP along the red trajectory on the hybrid order

133-135

Poincaré sphere, ! I as shown in Fig. 11(b).

Zg Zy

y Re(F;)

w=-12 |L)—> D) —> |IR) —> |[A) —>|L) —> D) —>R) —> |A) —> |L)

94 /9/ <0\\6> /C‘ B
. S~ —

Fig. 11. (color online) (a) Schematic diagram of polarization oscillating vector beam based on Frozen waves. (b) SoP oscillating

trajectory on the hybrid order Poincaré sphere. ']
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Combining above schemes, a new class of 3D vector
beams with longitudinally oscillating SoP within centimeters
spatial interval have been proposed via the superposition of
two co-propagating optical FWs with pre-shaped axial en-
velopes and transverse phase structures. The results shown in
Fig. 12 are the experimentally measured SoP and Stokes pa-
rameter S3 distributions at four transverse planes with equiv-
alent interval. The initial conditions are ¢y = —m/2 and
m = —n = 1. In such a special case, the oscillation trajec-
tory corresponds to the red curves shown in Fig. 11(b), but on
a first order Poincaré sphere, on which the diagonal and an-
tidiagonal points denote the first order hybrid states, as shown
in Figs. 12(a) and 12(b), respectively. Considering the static
property of FWs, we defined these two states as nodes, while
the pole states corresponding to homogeneous circular polar-

ization as antinodes. As the experimental results shown, the
composed field longitudinally oscillates its transverse SoP be-
tween nodes and antinodes. Consequently, we defined such
3D vector beams as polarization oscillating beams.
Furthermore, we created other kinds of polarization os-
cillating beams with fundamental and higher order SoPs to
demonstrate the feasibility of our approach. Likewise, Corato—
Zanarella et al. reported similar 3D vector beams constructed
It is ob-

vious that this method has the ability to construct 3D vector

from FWs with another pre-shaped axial envelops.

beams with uniform and other functional axial intensity, which
are particularly useful for many applications such as optical
manipulation, light guiding of atoms, polarization-sensitive

sensing, and so on.[118]

Fig. 12. (color online) Experimentally measured SoP distributions at two adjacent (a) nodes and (b) antinodes. (c)—(f) Left, polarization
orientation (background) and polarization ellipticity distributions; right, S3 distributions. Black line and ellipse depict the linear and

ellipse polarizations, respectively.!!17!

3.2. 3D vector beams based on longitudinal phase modula-
tions

Besides the amplitude modulation, some attention has
been devoted to the modulation of phase along propagation di-
rection. Several modulation mechanisms have been proposed
to construct 3D vector beams. Remarkably, Moreno et al.
proposed 3D vector beams by engineering axicon phase pro-
files for two orthogonally polarized constituent beams. 1131141
The construction principle is schematically shown in Fig. 13.
The modulation phases attached onto two constituent beams
are @y »(r,9,z=0) = £(I¢ + nr/d), with a radial period of
d. Meanwhile, such two constituent beams are linearly fo-
cused into /th order Bessel beams with longitudinally varying
phases @1 »(r,¢,z) ==+
alent concial phase, as shown in Fig. 13(a).[!'>! For such a spe-

(¢ +mz/A), after an axicon or equiv-

cific case, considering the local SoP at one point in the cross-
section, it periodically varies along the propagation direction,
as schematically shown in Fig. 13(b). As a whole, the vector
beam presents 3D variant SoP. Employing this transverse-to-
longitudinal structuring strategy, we created zeroth and higher
order vector Bessel beams with 3D variant SoP. Figures 13(c)-
13(h) display the experimental results of a zeroth order vector
Bessel beam.

Furthermore, we explored the self-healing of these vector
Bessel beams. Figure 14 depicts the measured reconstruction

of zeroth order vector Bessel beams after a circle obstacle. 115!

The results show that, similar to the self-healing of their inten-
sity profiles, the spatial property of SoP, especially the SoP
z-dependence can self-heal. This self-healing capability is im-
portant in practical applications of light-matter interaction at
micro scalar.

(b)
\\ A(D(r¢z) 2nzIA X
*”' u/ LJIII"“;’Z

Polarlzatlon orientation

Fig. 13. (color online) (a) Construction principle of 3D vector beams
based on longitudinally variant phases. (b) Local polarization orien-
tation in the cross-section versus propagating distance. (c) Intensity
profile in the y—z plane of zeroth order vector Bessel beam. (d)—(h)
Intensity distributions in the cross-section after a polarizer at different
propagation distances shown in (c). The arrows in (c¢)—(h) denote the
polarization orientation of the polarizer.!3)
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Fig. 14. (color online) Measured reconstruction of zeroth order vector Bessel beams after a circle obstacle. (a) Intensity distribution
immediately after the obstacle. (b) Intensity distribution in the y—z plane after the obstacle. (cj)—(cs) The reconstructed beams at

planes z; to zs denoted in (b), respectively./ 11!

It is noteworthy that, the above described 3D vector
beams composed by co-propagating constituent beams with
pre-shaped axial envelops or phase structures have control-
lable periods, e.g., the polarization oscillating beams. How-
ever, two counter-propagating circularly polarized beams with
different amplitude ratios and phase structures have also been
proposed to construct 3D vector beams, e.g., vector stand-
[136] This spe-
cial field is also named as superspiral light,['37] because its

ing waves with periodically oscillating SoPs.

oscillating period of SoP is shorter than the wave length. This
continuous change of SoP along the axial direction produces

1381 exhibiting application potential in

polarization gradient,|
optical lattices for sub-Doppler cooling of atoms.[!3%140] Re-
markably, cylindrically symmetric ‘Sisyphus’ and ‘corkscrew’
types polarization gradients have been constructed based on
the superposition of counter-propagating vector Laguerre—
Gauss (LG) beams with different types of SoPs,[!41-143] such
as the radially and azimuthally polarized LG beams.

Most recently, the 3D vector beams, configured from

the counter-propagating cylindrical vector beams, have been

proved the entanglement dynamics in free space under uni-

[144] Due to the non-separability of cylindri-

tary conditions.
cal vector vortex fields,!!#>1%%] the longitudinally oscillating
SoP structure produces oscillating degree of local entangle-
ment during propagation in free space, as a result of spin—orbit
interaction. Figure 15 shows the schematic representation of
the 3D vector field with a z-dependent degree of entangle-
ment. Such a 3D vector field is equivalently composed by two
counter-propagating fields with radially and azimuthally po-
larized SoPs. As shown in top three rows, the z-dependent dy-
namic phases produce the longitudinal variation of transverse
SoP structures, that is, the SoP oscillates between fully vector
and fully scalar modes. Notably, during propagation, the total
angular momentum is constant, i.e., J, = 0, indicating the peri-
odic coupling between SAM and OAM. As a result, the degree
of entanglement oscillates periodically along the propagation
direction. This classical entanglement dynamic arising from
the 3D SoP property gives a new insight of spin—orbit cou-
pling of light and offers a new tool to enrich the application of
structured fields.

MERER R e e e e |
ey
A T

o7

o]

r4

0 92
0
A A
k,z
0 n/4 n/2 3n/4 n

Fig. 15. (color online) Schematic representation of a 3D vector field with z-dependent degree of entanglement.|

144]
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Different from the additional phase strategy, the Gouy

1471 3 typical part of dynamic phase that nonlinearly

phase,|
increases with beam propagating, has also been reported to
construct 3D vector beams, 148-1591 because of its close depen-
dence on the mode orders,!15! i.e., the radial and azimuthal
orders denoted as p and [, respectively. For instance, Car-
dano et al. generated Poincaré beams that rotate transverse
SoP distribution with beam propagating by coaxially overlap-
ping the LGg g and LGo; modes. Utilizing a spiral wave plate,
the incident light field with LGg o mode is partly transformed
into the LGo; mode carrying a vortex phase. Then it axi-
ally overlaps with the idle part of LGgo mode, resulting in
Poincaré beam with lemon, star, and spiral polarizations that
depend on the topological charge of the LGo; mode. In this
process, an extra phase difference emerges with the expres-
sion of A® = |I|tan""(z/z0), called Gouy phase shift. This
z-dependent phase difference gives rise to the rotation of po-
larization upon beam propagation. Figure 16 shows the vari-
ations of transverse SoP of Poincaré beams with lemon, star,

and spiral SoP structures. 14!

“Zy -06 Zy -022y 022 062 Zy

Fig. 16. (color online) Variations of transverse SoP of Poincaré beams
with (a) lemon, (b) star, and (c) spiral SoP structures, respectively.““gj

3.3. 3D vector focal fields

Since the cylindrically polarized beams present intrigu-
ing tightly focusing property, the research referring to tightly
focusing of light fields is one of the most attractive topics in
optics. As is well known, the tightly focused field of radi-
ally polarized beam presents a much smaller focal spot, sup-
plying a desirable protocol for super-resolution imaging and
lithography. Importantly, such a focal field has an extensively
enhanced longitudinal component, for which conceptual in-
terests such as transverse SAM!!52-1541 and Mobius trip!!°!
have been reported. According to such two typical features
of tightly focused vector beams, considerable tightly focused
fields with specific intensity, polarization, phase structure, as
well as energy flow distribution, by means of amplitude and

1591 have been pro-

phase modulations in the pupil plane, 13150~
posed toward promising applications such as super-resolution
imaging, optical trapping, and machining.

Obviously, constructing focal field with 3D SoP struc-

ture, even geometrical angular momentum in the space near

focal plane, would supply more vector beams and further en-
rich the light—matter interaction.[1°*-1921 For instance, the en-
hanced longitudinal component has application interests in
light—matter interaction, which benefits polarization informa-

tion encryption with ultra-security and optical manipulation of
162]

micro-particles (Fig. 17).!

(a)

Fig. 17. (color online) 3D alignment determination of single gold
nanorods in two-photon fluorescence scanning images. (a) Schematic
illustration of an arbitrary 3D polarization beam interacting with ran-
domly aligned gold nanorods. (b)—(e) Schematic 3D alignment of gold
nanorods and their associated calculated fluorescence rate images. 162!

(b)

AMPLITUDE PHASE

Fig. 18. (color online) (a) An example of 3D SoP and its projections
on three orthogonal planes. (b) The corresponding amplitude and phase
distributions of incident field.[163]

Controlling the focal field with arbitrary 3D SoP in the
vicinity of focus has attracted extensive researches recently.
For instance, Abouraddy et al. proposed an approach to op-
tical microscopy that enables full control over the 3D SoP at
the focal spot by controlling the azimuthal harmonic content
of the input field.['%3! Figure 18 shows the resultant 3D vec-
tor focal field. As shown, the projected SoP is elliptical in
the x—y plane, circular in the y—z plane, and linear in the x—z
plane. By combining the electric dipole radiation and a vec-
tor diffraction method, Chen et al. proposed an analytical ap-
proach for full control over the 3D SoP and field distributions
near the tight focus.!'®*! Moreover, Zhu et al. reported focal
fields with tunable 3D SoPs in 4Pi focusing system by uni-
formly modulating the amplitude or polarization of one half of
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the input beam. ['6%] Utilizing this focusing scheme, tightly fo-
cused fields with special 3D SoP and SAM distributions have
been proposed.

The promising applications of 3D vector focal fields mo-
tive researchers to find a generalized engineering scheme. 1]
Subsequently, inverse design methods, namely, reverse engi-
neering approaches, for complete shaping of the focal field
with prescribed distribution of intensity, phase, and SoP, have

d [167,168

been propose 1 Most recently, Ding et al. further pre-

sented a method of shaping 3D vector focal field with con-

SEI)
o
S

No
Polarizer

N

al

trollable SoP variation along arbitrary curves in 3Ds.['%%1 Two
curved laser beams with orthogonal polarizations and pre-
designed intensity and phase structures were coaxially super-
posed to produce a 3D vector focal field. Figure 19 gives the
experimental results of the generated vector Archimedean spi-
ral (left) and the hybrid vector beams (right), of which the
linear polarization state varies continuously along the curve.
This efficient and noniterative method exhibits application po-
tentials in realms related to optical data storage, microscopy,
material processing, and optical tweezer.

Fig. 19. (color online) Experiment results of the generated vector Archimedean spiral, where the linear polarization state varies

continuously along the curve. 16!

4. Conclusions

Since the first demonstration of radially polarized laser
mode in 1972,11701 a great variety of efforts have been devoted
to exploiting the polarization modulation of light field, as well
as the propagation characteristics and focusing properties of
polarization structured light field. Various structured light
fields with novel diffraction and mechanical properties, as well
as momentum and angular momentum distributions, have been
proposed and demonstrated in the application realms in optical
manipulation, optical imaging, optical information communi-
cation, optical detection, optical processing, etc. Going for-
ward, the modulation referring to more degree of freedom is
becoming one of the prospects of structured light fields. Espe-
cially, the modulation on the longitudinal direction, producing
novel structured fields such as super-spiral field, will afford
further opportunities for the light-matter interaction, e.g., en-
hanced circular dichroism and longitudinal super-resolution in
light-sheet microscopy. Therefore, the longitudinal modula-
tion on the polarization is still in its infancy.

Spin—orbit interaction in more degree of freedom associ-
ated with SoP conversion may potentially allow the discovery
of new physics, with opportunities for highly sensitive mea-
surements, and enhanced light—matter interaction in linear and
nonlinear optics. Meanwhile, with the rapidly developed tech-
nology in nanofabrication, exploring integrated and efficient
optical elements for multiple parameters modulation in 3D is
considerably attractive. Additionally, the combined modula-

tion referring to time domain parameters of light field will
create beams with impressive optical features.!!”!! The related
3D modulation mechanisms of light field will open the route
toward new findings in other waves, such as acoustic waves,
water waves, electron waves, and matter waves.
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