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Abstract. Structured light with inhomogeneous phase, amplitude, and polarization spatial distributions that
represent an infinite-dimensional space of eigenstates for light as the ideal carrier can provide a
structured combination of photonic spin and orbital angular momentum (OAM). Photonic spin angular
momentum (SAM) interactions with matter have long been studied, whereas the photonic OAM has only
recently been discovered, receiving attention in the past three decades. Although controlling polarization
(i.e., SAM) alone can provide useful information about the media with which the light interacts, light fields
carrying both OAM and SAM may provide additional information, permitting new sensing mechanisms and
light-matter interactions. We summarize recent developments in controlling photonic angular momentum
(AM) using complex structured optical fields. Arbitrarily oriented photonic SAM and OAM states may be
generated through careful engineering of the spatial and temporal structures of optical fields. Moreover, we
discuss potential applications of specifically engineered photonic AM states in optical tweezers, directional
coupling, and optical information transmission and processing.
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1 Introduction within the cross section of structured light offers much higher
degrees of freedom in optical system design, which in turn
enable high-capacity information transmission or the specific
shaping of intensity and phase distributions to achieve the de-
sired optimized light-matter interactions, such as super-resolu-
tion imaging, optical tweezing, and optical nanofabrication. In
this review, we focus on how structured light can be utilized to
generate, tailor, structure, and modify the properties of light an-
gular momentum (AM), sometimes in rather unexpected ways.

Similar to electrons, photons can carry two types of AM,
namely orbital angular momentum (OAM) and spin angular
momentum (SAM).>> SAM is related to the circular polarization
of the optical field [Fig. 1(a)],"® whereas intrinsic OAM is

Light is a viable information carrier employing the various
forms of light-matter interactions for numerous applications
in data transmission, optical communications, photonics, and
optoelectronics. In particular, optical measurement techniques,
including interferometry, spectroscopy, and ellipsometry, deter-
mine and characterize the optical properties of materials or
structures and are widely used in several fields of physics,
materials science, microelectronics, biology, etc. Traditionally,
light fields with simple spatial distribution such as plane waves
and fundamental Gaussian beams have been employed in these
applications. In recent years, structured light' has become an

emerging approach in modulating and tailoring the three-dimen- X ! L ) o1 o
sional (3D) distributions of a light beam in its multiple degrees ~ associated with a helical wavefront [Fig. 1(b)]." In addition,
of freedom (i.e., amplitude, phase, polarization ratio, and ellip- extrinsic OAM also exists for optical fields propagating at a dis-

ticity) with high spatial diversity. The spatial diversity present tance with respect to the coordinate origin [Fig. 1(b)]. Extrinsic
OAM can be expressed as the cross product of the position vec-

tor r of the beam center and its linear momentum vector P,
*Address all correspondence to Qiwen Zhan, qwzhan @usst.edu.cn where P is parallel to the mean wavevector <k>.8’]5 We will
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Fig. 1 Angular momentum in paraxial optical fields: (a) longitudinal SAM of the right-handed cir-
cularly polarized field and (b) intrinsic longitudinal OAM with the helical wavefront illustrated with
the purple surface. An extrinsic OAM arises from a shift with respect to the coordinate systems.

restrict our discussions of OAM to the intrinsic type, since the
extrinsic OAM depends on the chosen coordinate system. As
will be discussed in the following sections, both SAM and
OAM are in parallel with the propagation direction of the
optical beam under paraxial conditions. For differentiation
purposes, we will refer to these two as longitudinal SAM and
O AM.I()—Z()

Under situations that involve strong focusing or evanescent
waves, the situation can change dramatically, and AM with a
component that is orthogonal to the propagation direction can
be generated, which will be referred to as transverse AM. The
transverse AM of light has gained increasing attention be-
cause of its unique physical characteristics.”’™*' The spin axis
of the optical beam with purely transverse SAM is orthogonal
to its propagation direction because of the existence of a
longitudinal electric field component that is in the quadrature
(z/2 phase difference) with respect to its transverse field
components.”™ So far, the transverse SAM has been found
to appear locally in three-dimensionally structured optical fields,
including evanescent waves,* strongly focused field,***’ two-wave
interference,”® near-field radiation,” surface plasmon polari-
tons, > and wave-guide modes.”* Moreover, arbitrarily ori-
ented SAM states can be obtained by carefully engineering
vectorial structured optical fields.”

Optical fields can be structured not only in the spatial domain
but also in the spatiotemporal domain. This leads to the fairly
recent discovery of transverse OAM. Through introducing a
helical phase in the spatiotemporal domain, the spatiotemporal
optical vortex (STOV) can be generated, which carries OAM
perpendicular to the beam propagation direction.”** Using a
method similar to the conversion from the Hermite—Gaussian
mode to the Laguerre—Gaussian mode with a cylindrical lens
in the spatial domain, subwavelength focused STOV can be cre-
ated through preconditioning both phase and amplitude distri-
butions of the incident wave packet, paving the way for the
study of transverse OAM with nanostructures and materials.®

Photonic AM enables distinctively different interaction
mechanisms that may render important information about the
materials or enable unique functionality that could not be real-
ized in other ways. Hence, there is a need to develop method-
ologies and techniques to control, engineer, and optimize the
photonic AM density distribution for specific applications.
With the rapid advances in nanofabrication and optical field
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engineering, arbitrarily oriented photonic SAM and OAM states
can be generated by customizing spatially and spatiotemporally
structured light. In the following sections, we will discuss sev-
eral of the latest theoretical and experimental investigations in
this nascent research field to illustrate the concepts of genera-
tion, shaping, and optimization of photonic AM distributions
using structured light, which will be followed by a brief over-
view of their applications in a few typical areas. We will begin
with a brief mathematical description of the photonic AM em-
ploying the canonical momentum and spin densities. Then, we
will illustrate how the SAM of the tightly focused field can be
tailored by employing structured light as the incident pupil field
of a high numerical aperture (NA) lens. A time-reversal meth-
odology that can potentially be developed into a more universal
approach is described to create diffraction limited optical focus
with arbitrarily oriented photonic SAM states. Further, we will
examine how a 3D polarization topology, namely the optical
polarization Mobius strip, can be formed by the circularly
polarized points in the tightly focused optical field with the
presence of transverse SAM, and the approach to designing and
optimizing similar topology with more complex trajectories and
dynamic behaviors. Subsequently, we will turn our attention to
the latest developments in the controllable generation of trans-
verse OAM and how the OAM can be modified. Finally, typical
applications of specifically engineered photonic AM states will
be discussed, and future perspectives for this very nascent field
will be presented.

2 Photonic Angular Momentum

To begin, we consider a monochromatic light wave with angular
frequency @ and amplitude vectors E(r) and H(r) propagating
in free space. For electromagnetic fields in dispersive media,
exploiting the corresponding permittivity and permeability
allows for modification of the following presented formulas.**%
The cycle-averaged energy density can be written as®

0 =T (B + HP). M

where the Gaussian unit g = (8zw)~!. Correspondingly, the
canonical momentum density of light is defined as®"®
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P= g Im[E* - (V)E + H* - (V)H]. 2)
Equation (2) shows that the canonical linear momentum

density is related to the field vector of light to the second order.

Meanwhile, the canonical OAM density can be written as

L=rxP. 3

For light waves with a helical phase, Eq. (2) presents a phase
gradient term for Eq. (3), leading to the intrinsic OAM contri-
bution. The helical phase in the transverse spatial domain causes
the longitudinal average OAM,® while a helical phase variation
in the spatiotemporal domain results in the transverse average
OAM.®"% On the other hand, the SAM is connected to the
vectorial nature of light’® with a density given by

S = Im(H' x H+E' xE). )

From Eq. (4), it is apparent that the spin density is propor-
tional to the local polarization ellipticity and parallel to the nor-
mal of the polarization ellipse.

The sum of the two AM densities given by Egs. (3) and (4)
gives the total AM density J =S + L. Moreover, a paraxial
polarized vortex beam can be written as®

e, + me . .
E(p,¢.2) = Alp.z) \/T“wlnvlyj exp(jkz + je o),
H=e, xE, ®)

where m is a complex number used to characterize the polari-
zation,”' 7 is the integer topological charge (£ = 0, £1, £2, ...),
A(p, z) is the complex amplitude of the vortex beam, and e,, e,
and e, are the unit vectors along the x, y, and z axes in the
Cartesian coordinate system, respectively. The average OAM
L and SAM S for this beam can be shown as®

S ok

L 7k
AT e =T g (6)
0 wk QO wk
where the helicity parameter ¢ = 2 Im(m)/(1 + |m|?), in which
o = +1 for right-handed circular polarization (m = i), c = —1
for left-handed circular polarization (m = —i), and ¢ = 0 for
linear polarization [Im(m) = 0]. Hence, each photon in the
right-handed (left-handed) circularly polarized beam possesses
SAM of +#a (—h). In addition, each photon in the beam with a
helical wavefront exp(i£¢) carries OAM of Zh.

Based on Eq. (6), both SAM and OAM of paraxial beams are
parallel with their propagation direction, known as the longi-
tudinal AMs. However, under non-paraxial conditions or if
evanescent fields are involved, there exists a field component
along the propagation direction, although in most cases this
longitudinal field component is not propagating. According to
Eq. (4), the longitudinal field component leads to a transverse
SAM component that is perpendicular to the propagation direc-
tion. In most cases, the transverse SAM component is negligible
compared with the longitudinal counterpart. However, there is a
possibility of dramatically increasing the transverse SAM com-
ponent and making the SAM purely transverse via using focus-
ing, interference, wave-guide modes, or specifically designed
structured light, which can also be exploited to tailor the
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SAM local density with specific orientations, distributions,
and topology. This shows the necessity of having a systematic
approach to design the structured light to tailor the SAM for a
specific application need, which will be illustrated in the follow-
ing sections.

3 Tailoring the Spin Angular Momentum
with Structured Light

The SAM of an optical field is associated with its polarization,
as mentioned previously. Specifically, the SAM of paraxial
beams has a simple structure that is along the propagation di-
rection. However, it is feasible to tailor the local SAM with dis-
tributed textures for light fields with complex structures, which
can be illustrated by the generation of purely transverse SAM
(i.e., the so-called photonic wheel), as shown in Fig. 2.%°7
A specially segmented quarter-wave plate (QWP) is employed
to convert the linearly polarized incident beam into the circular
polarization state with opposite chirality in the two halves of the
beam, as shown in Fig. 2(a), which leads to a structured field in
polarization. A high NA objective lens (NA = 0.9) is used to
focus the structured field, in which the longitudinal SAM com-
ponents J* and J~ cancel each other, and their transverse coun-
terparts are retained to form a purely transverse SAM in the
focal region, as shown in Fig. 2(b). It should be noted that
the transverse SAM is generated due to the creation of a longi-
tudinal electrical field component under high NA focusing con-
ditions. In addition, a nanoparticle is used as a probe to scan
through the focal field to experimentally characterize the polari-
zation state of the focused field, as shown in Fig. 2(c). The Mie
scattering field at each scanned position is gathered by an im-
mersion-type objective lens with NA of 1.3 and measured by
a camera, which allows the derivation of the three complex
electrical field components. The reconstructed distributions of
|Ei|*, [E.|%, [E;|?, and |E_|* of the focused field are depicted
in Figs. 2(d)-2(g), respectively. The insets in Figs. 2(e)-2(g)
present the corresponding relative phases @,, ®,, and @,.
Obviously, the phase difference A®, . = ®, — @, is a value
of {n/2,—xn/2,-3z/2}, AD,, =0, —®, is a value of
{m/2,—n/2,37/2}, whereas A®,, = ®, — @, is a value of
{r,0,—n}. Therefore, the spin axis of the focused field is
orthogonal to the z direction, namely, the SAM of the focal field
is purely transverse.

The aforementioned example demonstrates the generation
of purely transverse SAM by focusing the structured light.
However, the structured light used is rather simple, the purely
transverse SAM occurs at a very low-intensity region within the
focus, and the focal spot is not diffraction limited. Thus, it is
natural to ask the question, how we can optimize and efficiently
generate such SAM distribution? More generally, how can we
generate SAM distribution efficiently with an arbitrarily desired
orientation? A versatile time-reversal method is demonstrated to
address these questions.””” As shown in Fig. 3(a), two orthogo-
nal electric dipoles are exploited to simulate a focal field with
SAM along a preconditioned orientation. Since we are inter-
ested in SAM, we will give a z/2 phase difference between
the two dipoles. Dipole 1 is placed in the yz plane, and its
oscillation direction has an angle of 8, relative to the negative
direction of the z axis; meanwhile, the oscillation direction of
dipole 2 is along the x axis. The pupil field distribution can be
found through coherently superposing the radiation fields from
the two dipoles, which in turn will be the required incident field
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Fig. 2 Generation of the transverse SAM in highly confined field. (a) A segmented QWP is
adopted to obtain the desired incident beam. (b) Schematic of tightly focusing the incident field.
(c) The experimental setup to generate and characterize the transverse SAM of the focused field.
The reconstructed distributions of |E|?, [Ex[?, |E,|?, and |E,|? of the focal field are depicted in
(d)—(g), respectively, and the insets present the corresponding relative phases. Panels (a)-(c) are
reproduced with permission from Ref. 46; (d)-(g) are reproduced with permission from Ref. 72.
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Fig. 3 Spin orientation control based on the time-reversal method. (a) Schematic of the inverse
calculation method. The insets present the projections of the focal field on three orthogonal cross
sections and its corresponding incident structured pupil field for ; = z/6. (b) Evolution of the spin
axis rotation in the yz plane. (c) The beam sizes of focal fields. Figure reproduced with permission

from Ref. 75.
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for generating the highly confined focal field with the prescribed
SAM. According to the dipole antenna theory,’”® and taking the
apodization function of the lens into consideration (for a sine
condition lens, the apodization function is v/cos 6), and the re-
quired incident pupil field could be derived as

Ei(r,(p)cx '(A'ex+B'ey)’

cos 8
A = e//?(cos @, sin @ cos @ +sin @, cos ¢ sin @
—sin @, cos @ sin ¢ cos @) — cos Ocos® g —sin’ ¢,

B = e/™/%(cos 0, sin @ sin @ —sin 0, cos” ¢

—sin @, cos @sin’ @) — cos @ cos @ sin @ + sin ¢ cos @.

)

The vectorial Debye theory can be employed to confirm the
SAM distributions within the focused electric field.”** As an
example, the structured illumination field at the pupil and the
intensity and SAM of the focal field on three orthogonal cross
sections for 6, = x/6 are shown in the inset of Fig. 3(a).
Meanwhile, the results in Figs. 3(b) and 3(c) clearly show that
SAM distributions with arbitrary spatial orientation within dif-
fraction limited focal dimensions in the transverse plane and be-
yond the diffraction limited dimension along the longitudinal
direction can be realized by properly designing the structured
pupil illumination field.”

4 Optical Polarization Mobius Strip

The structured light can be used to create more complicated spin
topology and not just tailor the SAM with a prescribed orien-
tation. The local field vector may rotate around any direction
that gives rise to spatially inhomogeneous polarization states,
owing to the emergence of the longitudinal electric field com-
ponent. Within an optical field with inhomogeneous polariza-
tion distribution, polarization singularities may appear either
as circular polarization or linear polarization.”””® In 3D space,
polarization singularities can construct C lines or L lines.
Tracing the 3D polarization ellipses along a small trajectory sur-
rounding a single C line can render a Mébius strip topology.”

The Mobius strip is a non-orientable surface that has only
one side. Bauer et al. studied tightly focused light fields gener-
ated from a g-plate, which is an inhomogeneous and birefrin-
gent liquid crystal plate with electrically controlled phase
retardation, and discovered Mobius strip topology that can be
tuned by g-plate parameters.” The g-plate can be used to gen-
erate various structured light fields.* When the phase retarda-
tion is , the g-plate changes the handedness of the spin of an
incident beam, and the outgoing beam gains an OAM of 2gq,
where ¢ is the topological charge of the g-plate pattern.
When the phase retardation is not z, the g-plate transforms a
circularly polarized Gaussian beam into a Poincaré beam. In
the cross section of a Poincaré beam, the space variant polari-
zation states cover the entire Poincaré sphere. Three major
polarization topologies (lemon, star, and monstar) can be gen-
erated through a plate in the plane orthogonal to the direction of
beam propagation. In Fig. 4(a), a Poincaré beam with a star-
shaped —1/2 polarization topology generated from the g-plate
is shown as the color inset and is tightly focused by a micro-
scope objective. The same technique using a spherical gold
nanoparticle for the photonic wheel characterization can be
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employed to characterize the complex electric field distributions
in the focal area. The scattered light as well as the transmitted
light is collected for 3D field reconstruction.

The space-varying polarization states are represented by the
following equations:”’

e Re(E* EE)
VE-E
p— \/El_E Im(E* EE)
v =Im(E* x E), (8)

where a is the major axis of the 3D polarization ellipse, f is the
minor axis of the 3D polarization ellipse, and y is the normal to
the polarization ellipse. In addition, o, f, and y are line fields
rather than vector fields due to the sign ambiguity associated
with the square roots. By purposefully assigning identical signs
for the square roots, these line fields turn into vector fields, and
a is chosen to form the polarization topology. The C line is
formed by points where the major and minor axes degenerate.
Following the major axis of the 3D polarization ellipse along a
small closed path surrounding the C line in the focal plane, it is
discovered that the major axis undergoes a twist and forms a
Mbbius strip in 3D space.

A tightly focused Poincaré beam with a topological charge of
—1/2 gives rise to a Mobius strip with three half twists, as
shown in Fig. 4(b). Then, changing the topological charge to
—3/2 results in five half twists in the focal plane, as shown in
Fig. 4(c). The Mobius strip polarization topology exists not
only in transmitted optical fields but also in scattered fields.
The scattered fields from a silicon nanoparticle form a Mobius
strip in any curve surrounding a C line, as shown in Fig. 4(d).”

The kind of structured light created with a g-plate is certainly
limited and may not be optimized for a specific desired topology
or application. Much more complicated Mdbius strip polariza-
tion topologies have been demonstrated through tailoring all
three electric field components along prescribed trajectories in
the focal region.* A Fourier transform relationship based on the
Debye integral is established between the incident plane and
the focal plane to tailor the polarization topology.*> Moreover,
exotic Mobius strip polarization topologies such as a figure “8”
shaped twin Mobius strip and a circular Mobius strip with
changing twisting speed are obtained by iterating back and forth
between the two planes, as shown in Figs. 5(b) and 5(c).

In addition, aside from the trajectory of the Mobius strip, its
twisting rate can also be manipulated. Figure 5(e) presents the
intensity distributions in the focal area with varying twisting
rates, in which the circular trajectory is divided into two halves
denoted in solid white and dashed white curve lines, respec-
tively. They are also represented as red and black curved lines
in Fig. 5(f), respectively. The major axes of the polarization
ellipses following the circular trajectory are plotted in blue and
green to denote the orientation. The Mdbius strip polarization
topology along the black semicircle twists at a rate approxi-
mately twice that of the red semicircle.

From above discussions, we can infer that the optical Mtbius
strip certainly demonstrates the capability of customizing and
characterizing the 3D polarization topology on a subwavelength
scale, which may be useful for the polarization-sensitive
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Fig. 4 Generation of the optical Mébius strip polarization topology. (a) Schematic of the experimen-
tal setup to tightly focus the optical fields generated from a g-plate. (b) Experimentally generated
Mbbius strip polarization topology with three half twists in the focal plane. (c) Experimentally mea-
sured Mobius strip polarization topology with five half twists in the focal plane. (d) Scattered fields
from a silicon nanoparticle form a Mébius strip in any curve surrounding a C line. Panels (a)-(c) are
reproduced with permission from Ref. 79. Panel (d) is reproduced with permission from Ref. 81.

nanofabrication and light-matter interaction. We choose the
Mobius strip as an example in illustrating the possibility of tai-
loring SAM distributions in an extremely sophisticated manner
based on the recent advances made in the generation of struc-
tured light with spatial light modulators (SLMs) or metasurface
devices.

5 Shaping Photonic Orbital Angular
Momentum with Spatiotemporally
Structured Light

So far, we have limited the discussion on engineering the SAM
density distributions using spatially structured light. From
Eq. (6), it is apparent that the OAM of an optical beam is longi-
tudinal (i.e., along the propagation direction) under the paraxial
condition. The possibility of having a pure transverse OAM that
is perpendicular to the propagation direction is of major interest.
Recently, the research on photonic OAM demonstrated the link
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between polychromatic spiral phase in the spatiotemporal do-
main and transverse OAM,** indicating that structuring the
light in the spatiotemporal domain as opposed to strictly in
the spatial domain is needed. Although it is straightforward
to apply a twisted phase to the cross section of a beam to obtain
a longitudinal OAM, it is non-intuitive to acquire a twisted
phase in the spatiotemporal plane in a similar way in order
to achieve a transverse OAM. Fortunately, a spiral phase can
be conserved through two-dimensional Fourier transform.
Therefore, transverse OAM can be generated after two-dimen-
sional Fourier transform from the spatiotemporal-frequency
plane to the spatiotemporal plane.*

Figure 6(a) shows the experimental setup for generating and
characterizing a chirped wave packet embedded with a spatio-
temporal vortex and transverse OAM using an in-house-built
spatiotemporal wave packet generator that is composed of a
diffraction grating, a cylindrical lens, and an SLM.* The light
passes through the grating and cylindrical lens and illuminates

Nov/Dec 2021 e Vol. 3(6)



Chen, Wan, and Zhan: Engineering photonic angular momentum

-1 -05 0 05 1
x(2)

Fig. 5 Generation of exotic optical Mdbius strip polarization topology. (a) The intensity and polari-
zation distributions in the pupil plane for the generation of an “8”-shaped twin Md&bius strip.
(b) Generation of an “8”-shaped twin Mdbius strip in the focal area. The total intensity distributions
in the focal plane with a prescribed “8”-shaped path denoted in the dashed black line. (c) The
polarization topology along the red “8”-shaped path. (d) The intensity and polarization distributions
in the pupil plane for the generation of a circular Mdbius strip with changing twisting speed.
(e) Generation of a circular Mébius strip with changing twisting speed in the focal region.
(f) The two halves are plotted in red and black, respectively. The twisting rate of the black is twice
that of the red half. Figure reproduced with permission from Ref. 82.
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Fig. 6 STOV with transverse OAM. (a) Experimental generation based on an SLM and charac-
terization based on interference with a femtosecond reference pulse. (b) Reconstructed spatio-
temporal phase distribution. (c) Measured 3D iso-intensity profile of a spatiotemporal vortex of
¢ = 1. (d) Measured 3D iso-intensity profile of a spatiotemporal vortex of £ = 2. Figure reproduced
with permission from Ref. 61.
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the SLM plane, which is considered as the spatiotemporal fre-
quency plane. The SLM applies a controllable spiral phase that
can be maintained after a spatiotemporal Fourier transform. The
wave packet is analyzed by interfering with a probe pulse that is
split from the fiber laser and dechirped through a grating pair
using the characterization unit shown in Fig. 6(a).

The 3D optical field structure of the chirped wave packet in
Fig. 6(a) is reconstructed based on the interference fringe patterns.
Meanwhile, the reconstructed spatiotemporal phase distribution
that is a spiral phase with topological charge 1 is shown in
Fig. 6(b), and the 3D isointensity surfaces of the spatiotemporal
vortices of topological charges 1 and 2 are shown in Figs. 6(c) and
6(d), respectively.* The experimental results clearly demon-
strated the generation of STOV with purely transverse OAM
by spatiotemporally structuring the light with a spiral phase.

The transverse OAM carried by a spiral spatiotemporal phase
provides an extra degree of freedom for the applications that rely
on exploiting optical OAM. In addition, this development can
arbitrarily control the spatial orientation and density distribution
of OAM. Several reports discussing the generation of arbitrarily
oriented OAM through spatiotemporal coupling were published
while this paper was in preparation.”’* Finally, further research
into the spatially and spatiotemporally structured light*"** will
offer novel opportunities to study the spin Hall effect, quantum
entanglement, second harmonic generation, Kerr effect, and
spin—orbital AM coupling based on spatiotemporal optical
fields.

6 Fast Modulation of Orbital Angular
Momentum in Temporal Domain

To this point, we have focused the discussions on engineering
spatial characteristics of SAM and OAM, specifically the spatial
orientation of AM. On the other hand, tailoring the temporal
characteristics of AM, which involves the generation of ultrafast
optical pulses with rapidly varying OAM characteristics in time,
has gained increasing attention in recent years. To date, most
research dealt with the static OAM of optical beams that do
not alter with time. Recently, Rego et al.”" demonstrated the ex-
treme ultraviolet self-torqued beams in high-harmonic genera-
tion, as shown in Figs. 7(a)-7(c). Furthermore, the property of
temporal OAM variation can be used to achieve ultrafast chiral
excitations for light-matter interaction.”” The self-torqued
beams have time-varying longitudinal OAM based on the
non-linear high-harmonic generation process. These examples
exploited the ultrafast variations of longitudinal OAM.

The spatiotemporal vortex with transverse OAM provides
a straightforward alternative to construct time-varying OAM
beams linearly.”” The dynamic-transverse-OAM beam embeds
multiple spatiotemporal vortices of individually controllable
topological charge in a wave packet. To create such a wave
packet, a more complicated phase modulation hosting two phase
singularities is applied rather than introducing a twisted phase in
the spatiotemporal frequency plane. Figures 7(d) and 7(e) show
the generation of an ultrafast wave packet embedded with two
spatiotemporal vortices of topological charges 1 and —1, respec-
tively. The spatiotemporal vortices carry an OAM of # and —#
per photon. Moreover, Fig. 7(d) shows the interference patterns
of the chirped wave packet slices with a short-probe pulse. The
characteristics of bending fringes verify the topological charge
of the two spatiotemporal vortices. The temporal separation of
the two spatiotemporal vortices can be accurately manipulated
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from about 0.5 to 1 ps.” More complicated phase modulation in
the spatiotemporal frequency plane and a broader bandwidth of
the gain material will enable more spatiotemporal vortices to be
embedded in one wave packet. Therefore, the dynamic-trans-
verse-OAM beams may be utilized as ultrafast optical switches
for high-speed optical communication.

7 Exemplary Applications of Engineered
Photonic Angular Momentum

Photonic SAM and OAM states have spurred substantial theo-
retical and experimental research with broad applications in
both classical and quantum optics, owing to their unique proper-
ties when interacting with matter. We will briefly introduce
several representative applications of the angular momentum of
light that have gained increasing attentions recently.

7.1 Optical Tweezers

Optical tweezers are effective tools in manipulating various
micro- or nanoparticles by exerting optical forces on them
through light-matter interactions.”*” SAM causes a micro-
scopic object to spin around its own axis, while OAM causes
the particle to revolve around the beam axis, owing to the
rotational torque transferred from AM of the light to these
objects.'””!° Numerous studies have been conducted to en-
hance the performance of optical tweezers with the AM of light.
The 3D optical tweezer can be constructed by employing an
interferometric pattern between two annular optical fileds.'"'
Through spin and orbital interactions, SAM carried by the cir-
cularly polarized beam can be used to make the trapped spheri-
cal microparticles orbit around the beam axis.'**'”® As shown in
Fig. 8(a), the optical vortex with a high topological charge
drives the particles to orbit around its ring by imposing scatter-
ing force on these particles.'” The plasmonic vortex (PV)
tweezer is exploited to stably trap the metal particles and over-
come the strong absorption and scattering of metal particles, as
shown in Fig. 8(b).'” The azimuthal scattering force produced
by the OAM of PV could manipulate the particles with higher
precision in both radius and position. Moreover, optical torques
induced by a surface plasmon can achieve the transverse spin-
ning of the particle,’” as shown in Fig. 8(c). In addition, optical
tweezers based on a coaxial plasmonic aperture with circularly
polarized illumination [as shown in Fig. 8(d)] could be utilized
to selectively trap enantiomers, which can potentially realize
all-optical enantiopure syntheses.'"

7.2 Directional Coupling and Emission via Spin-Orbital
Interactions

A significant application of transverse SAM is used to achieve
spin-controlled directional propagation of light in a variety of
situations.'”” Particularly, the near-field guided electromagnetic
modes could be unidirectionally excited using the interference
of a circularly polarized dipole for surface plasmon polariton
waves, which determines the radiation direction in far fields,
as shown in Fig. 9(a).'” In addition, the incident photons with
different polarization states can be spatially sorted into tridirec-
tional routing by employing a specially designed triangular
nanoparticle.'” The integrated nanoscale spintronic components
can be implemented based on spin-controlled optical modes
through designing the symmetries of the metamaterial.'"® The
spin of the optical field generated by a hyperbolic metasurface
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Fig. 7 Ultrafast optical beams with time-varying OAM. (a) Two time-delayed, collinear pulses with
different OAM values are focused into a gas target to produce self-torque beams. (b) Theoretical
evolution of the intensity profile of the 17th harmonic at three temporal instants. (c) Evolution of the
OAM of the 17th harmonic. (d) Interference fringe patterns of a chirped wave packet embedded
with two spatiotemporal vortices with a short probe pulse. (e) 3D iso-intensity reconstruction of
a wave packet containing two spatiotemporal vortices with temporal separation of 1 ps. Panels
(a)—(c) are reproduced with permission from Ref. 91. Panels (d) and (e) are reproduced with per-

mission from Ref. 93.

could be designed to orientate along an arbitrary direction,
which could be applied to optically controlled SAM transfer.'"'

In the waveguide, the SAM of the excited beam specifies the
coupled waveguide mode propagation direction. As shown in
Figs. 9(b)-9(d), the propagation direction of the scattered light
in the nanofiber is determined by both the nanoparticle azimu-
thal position on the surface of the fiber and the incident light
polarization. In particular, the transverse SAM of the incident
light with respect to the configuration enables directional radi-
ation, where the radiation direction is determined by the chiral-
ity of the incident light.'"> Furthermore, directional coupling
associated with transverse SAM has been exploited to fully con-
trol the optical polarization state in a single-mode nanofiber
waveguide.”” The tightly focused radially polarized field, which
contains the transverse SAM that is crucial in manipulating the
direction of the scattered field from the particle,'” has been em-
ployed to excite a dipole-like nanoparticle to experimentally

Advanced Photonics

064001-9

demonstrate the all-optical control of its directional emission.
In addition, the spin—orbit interactions in suitable optical media
can be employed to develop multi-channel non-reciprocal wave-
guide,'* on-chip optimal Stokes nanopolarimetry,'” and on-
chip spin Hall devices.''

7.3 Optical Information Transmission and Processing

As shown in Fig. 10(a), photons have various physical degrees of
freedom, including time, amplitude, polarization, spatial struc-
ture, and frequency/wavelength, which are widely adopted in
optical communications as information carriers.'”""® The multi-
plexing techniques of each dimension lead to wavelength-
division multiplexing, time-division multiplexing, quadrature
amplitude modulation, polarization-division multiplexing, mode-
division multiplexing, etc.'""” The AM multiplexing modulation
considerably enhances the capacity of optical communications

Nov/Dec 2021 e Vol. 3(6)



Chen, Wan, and Zhan: Engineering photonic angular momentum with structured light

=

Objective lens

Trapped particle

(d) ®

() Surface
plasmon

5'{,--..}1"'

Incidence

Fig. 8 Optical manipulation employing photonic AM. (a) Microscopic beads orbit in the optical
vortex. (b) Metal particles manipulated with the PV tweezers. (c) Transverse spinning of a particle
caused by the surface plasmonic field. (d) Schematic of enantioselective optical trapping with
plasmonic tweezers. Panel (a) is reproduced with permission from Ref. 104, (b) is reproduced
with permission from Ref. 105, (c) is reproduced with permission from Ref. 32, and (d) is repro-
duced with permission from Ref. 106.

8x108/s

_ ' lsxmsls

S 180 -4 x108/s = 4x108/s
135 | r | -
%F =13 |
45 ; |
o L Pightiges Lt - 0x10%s 8 , [ & 01007
0 45 90 135180225270315360 0 45 90 135180225270315360
6) 6°)

Fig.9 Spin-controlled directional coupling. (a) Asymmetric excitation of surface plasmon polariton
wave. (b) Light with different polarizations coupled into a nanofiber via a nanoparticle.
Experimental results of the scattered light at the right (c) and left (d) side of the nanofiber as
a function of the nanoparticle position on the surface of the fiber and incident light polarization.
Panel (a) is reproduced with permission from Ref. 108; (b)—(d) are reproduced with permission
from Ref. 112.

Advanced Photonics 064001-10 Nov/Dec 2021 e Vol. 3(6)



Chen, Wan, and Zhan: Engineering photonic angular momentum

structured light

because of the added degree of freedom given by the photonic
AM." "2 [t has been reported that the OAM multiplexing tech-
nique increases the capacity of free-space communication and
optical fiber transmission systems higher than terabit scale,''*
much beyond the conventional scheme. More recently, the inde-
pendent generation, transmission, and simultaneous detection of
collinear OAM channels have been realized using Dammann
optical vortex gratings, which offers a route to achieving Pbits~!
capacity for optical communication systems.'*> Moreover, various
methods continue to emerge in OAM multiplexing communica-
tions. The retrieval array for optical vortices modulated in a side-
lobe is employed to decode the data carried by a composite
computer-generated hologram and to moderate the severe
alignment and phase-matching required in detecting optical
vortices."”® On the other hand, OAM multiplexing can be adapted
to increase the capacity of free space optical links between the
ground station and unmanned aerial vehicle (UAV), as shown in
Fig. 10(b), reducing the possibility of information interception.'”’
Furthermore, the shape-invariant Bessel beams embedded with
OAM provide higher power efficiency and longer reconstruction
distances for free-space optical communication systems.'”® A
scattering-matrix-assisted retrieval technique [SMART, as shown
in Fig. 10(c)] was developed to demultiplex 24 OAM channels
from greatly scattered light beams in a turbulent environment.'”
In fiber communications, it has been demonstrated that four
modulated OAM mode groups can transmit over 2.6 km in tradi-
tional graded index multimode fibers." An integrated OAM
multiplexer/demultiplexer was demonstrated through fabrication
of a vortex grating on the few-mode fiber facet, empowering the
straight multiplexing and demultiplexing of OAM states between
the two ports of the fiber."*' Additionally, SAM and OAM of light
can also be applied in quantum communication. For example,
chiral SAM and OAM eigenstates are exploited to efficiently en-
code and decode the quantum information carried in rotationally
invariant photonic qubits, to achieve alignment-free quantum
communication.'*

(@)

(b)

Ground station o
(tracking system, \

OAM Tx and RX)/\
g )

8 Conclusions and Future Perspectives

Photons carry angular momentum including spin and orbital
components. In past decades, longitudinal SAM and OAM with
momentum parallel to the Poynting vector are commonly stud-
ied, while the emerging transverse SAM has received numerous
recent attentions in tightly focused beams and evanescent
waves. Moreover, recent theoretical and experimental studies
show the existence of transverse optical OAM in both free space
and localized fields. In this review, we have summarized recent
research progress in photonic AM, specifically, the advances in
transverse SAM and OAM engineering. We presented methods
to generate arbitrarily photonic SAM orientation in the tightly
confined fields through purposefully and carefully engineering
the spatial structure of incident pupil fields of high NA lens.
The exotic 3D polarization topology (i.e., the optical polariza-
tion Mobius strip) was also reviewed to illustrate the capability
of producing more sophisticated polarization or spin structures.
Moreover, it is important to emphasize that the aforementioned
examples were chosen to highlight that the structured light with
an extraordinarily high-dimensional degree of freedom now
enables scientists and researchers to produce photonic AM
states traditionally unimaginable and to tailor photonic AM as
desired to meet specific applications needs. As a fast-emerging
field, it is certain that many significant works and applica-
tions other than those mentioned here have not been covered,
including the applications of AM in non-linear optics, nano-
technology, optical machining, metrology, microscopy, and
astronomy.'”

Furthermore, recent breakthroughs in the spatiotemporal vor-
tex with transverse OAM deserve special attention. In the quest
for transverse OAM, it is important to note that the structuring of
light in the temporal and spatiotemporal domains can be intro-
duced in surprisingly simple ways. Adding temporal structure to
the spatially complex optical field as the fifth degree of freedom
(the other four degrees of freedom are phase, amplitude,

.
(T
T

OAM multiplexing Optically scattering channels

Detected
speckles

Multiplexed
= OAM fields

Fig. 10 Optical communication using OAM of light. (a) Physical degrees of freedom of photons
used in optical communication. (b) The schematic of optical communication between an UAV and
a ground station utilizing OAM multiplexing. (c) OAM demultiplexing in a turbulent environment
based on the SMART technique. Panel (a) is reproduced with permission from Ref. 117, (b) is
reproduced with permission from Ref. 127, and (c) is reproduced with permission from Ref. 129.
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polarization ratio, and ellipticity) in a controllable way repre-
sents a major leap forward. Investigations on transverse
OAMs to understand their propagation, focusing, manipulation,
and interaction with matter are still limited due to their complex
nature. However, we believe more exciting developments are
already on the horizon and anticipate a dramatic increase of
research interest in this nascent area. A noteworthy research
hotspot is in classical entanglement with structured light.
Entanglement used to be discussed strictly in the quantum
context. Recently, there has been much interest in constructing
mathematically “non-separable” states using classical optical
fields in the hope of retaining some of the features that are analo-
gous to quantum entanglement, avoiding the drawbacks and
pushing the quantum-classical boundary. The degrees of free-
dom of photonic AMs (polarization and OAM) embedded in
structured light enable the generation and manipulation of
higher-dimensional classical entanglements.'* Furthermore,
the inherent mathematical non-separability of spatiotemporally
structured light makes it a natural candidate for the next fore-
front of entanglement studies.'”

The rapid advances made in nanostructured materials offer
synergy with the high-order degrees of freedom provided by
the spatially and spatiotemporally structured light. As important
characteristics of optical fields, photonic AMs play a significant
role in light-matter interactions. Here, we list several directions
that are emerging or have already made very recent break-
throughs.

(a) Development of comprehensive non-linear toolboxes for
photonic AM conversion and manipulation. Structured
light propagation through non-linear crystals, which has
been employed to produce fast varying longitudinal
OAM and self-torque light pulses,” has been studied in
the context of OAM conservation. Moreover, there are
also very recent reports on the second harmonic genera-
tion of transverse OAM. "'

(b)  Coupling between tailored SAM and OAM. Traditionally,
spin—orbital coupling is studied between longitudinal
SAM and OAM. However, coupling between longi-
tudinal SAM and spatiotemporal OAM has been recently
reported and revealed different dynamics,®* which leads
to the expectation of new coupling phenomena for tail-
ored photonic AM and OAM states.

(¢c) Coupled photonic AMs in materials interactions and
super-resolution imaging. The interactions of these newly
coupled photonic AMs with nanostructures and materials
may enable novel optical designs with functionalities that
are difficult to implement traditionally. For example, pho-
tonic OAM has been investigated to significantly enhance
the Raman activity of Raman spectroscopy.”** Moreover,
the coupling of photonic AMs has demonstrated promis-
ing applications in developing new super-resolution
schemes. "%

It is always very difficult, if not impossible, to predict
the future for a rapidly developing field such as photonic
AM. However, combined with the most recent progress in
tailoring the spatial and temporal structure of optical fields,
the studies of photonic AMs and their interactions with nano-
structures and nanoemitters will certainly result in novel ap-
plications, including but not limited to advanced microscopy,
laser machining, photonic chip, and quantum information
processing.
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