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Abstract: Spin angular momentum associated with circu-
lar polarization is a fundamental and important aspect of
photons both in classical and quantum optics. The inter-
action of this optical spin with matter and structures results
in many intriguing optical effects and state-of-the-art ap-
plications covered under the emerging subject of spin op-
tics. Distinct from longitudinal optical spin along the mean
wavevector, transverse spin, the corresponding vector of
which is perpendicular to the mean wavevector, prevails
and plays a significant role in confined electromagnetic
waves such as focused beams, guided waves, and evanes-
cent waves. In the optical near-field, these transverse spins
are generated owing to the spatial variation of the kinetic
momentum of confined electromagnetic waves, where the
spin and orbital angular momenta are strongly coupled,
leading to many interesting topological spin structures and
properties. Several reviews on optical transverse spins have
been published in recent years in which their concepts and
the various configurations producing them were introduced
systematically. Here, we introduce in this review the un-
derlying physics and dynamics of transverse spin and the
resultant topological structures and properties such as the
photonic skyrmions and merons. We term this sub-area
‘spin photonics’, its scope being to cover the design and
research of spin structures in strongly confined electro-
magnetic fields with unique properties and applications.
The concepts and framework reviewed have importance
in optics, topological photonics, metrology, and quantum
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technologies and may be used to extend spin-dynamics
concepts to fluidic, acoustic, and gravitational waves.
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1 Introduction

In the classical physics, light is an electromagnetic (EM)
wave, which has multiple degrees of freedom including
frequency, amplitude, phase, and polarization [1, 2]. After
1900s, it is widely accepted that light has the wave-particle
duality, which indicates a photon can be regarded as a
particle containing the degrees of freedom including mo-
mentum and angular momentum (AM) [3-15]. The seminal
work by Poynting in 1909 [3] demonstrated that the mo-
mentum carried by a photon is associated with its direction
of propagation (p = hok), being proportional to the local
wavevector k. Besides momentum, light beams also carry
multiple kinds of angular momenta [4-15]. Generally, the
AM of an optical beam is classed as: (i) intrinsic orbital AM
(i-OAM) Ly, [4-15] related to the optical phase singularity,
which is characterized by the vortex topological charge; (ii)
extrinsic orbital AM (e-OAM) L., [16, 17] associated with
the beam trajectory, which depends on the transverse co-
ordinates of the beam centroid; and (iii) spin AM (SAM)
[18-24] associated with the rotation of electric and mag-
netic polarizations. Therein, the right- and left-handed
circularly polarized plane waves, corresponding to EM
helicity 0 = +1, can be regarded as two spin states of a
photon [19, 20]. Owing to the transversality of the EM wave
(keE = 0), these spin vectors of right- and left-handed
circularly polarized plane waves that are parallel to the
direction of propagation of light (evaluated by the local
wavevector k) [19-22] and are considered as the
longitudinal-type optical spin (I-SAM, S)).

The investigation of the interplay and mutual conver-
sion between these types of optical AMs is covered under the
topic spin—orbit interaction (SOI) of light (Figure 1; sections
in green). First, the interaction between I-SAM and e-OAM
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results in a family of effects concerning helicity-dependent
trajectories or momenta of light, including the spin Hall ef-
fect [25-38], the optical Magnus effect [16, 17, 39], the Coriolis
effect [40, 41], and the plasmon Aharonov—-Bohm effect [42].
Correspondingly, the orbit—orbit coupling between the i-
OAM and e-OAM results in a vortex-dependent shift of light,
which can be regarded as an orbital-Hall effect [43-45].
Additionally, the coupling between I-SAM and i-OAM pro-
duces intense spin-to-orbital AM conversions [46-49].
Besides the longitudinal-type optical spin discovered
and demonstrated near a century ago [18], scientists in
recent years found the existence of transverse-type optical
spin (t-SAM, S,) for which the spin vector is perpendicular
to the propagating direction of the optical field [19-22,
50-61]. This transverse optical spin is a fundamental AM
property of light prevailing in confined EM waves [19-22],
even for the single polarized confined modes [50-57],
generated through the inhomogeneity of EM field and
determined by the spatial structure of the Kkinetic

I-SAM t-SAM

e-OAM < i-OAM

Figure 1: Various intriguing optical effects resulted from the
interplay and mutual conversions between different types of AMs.
@ Optical spin Hall effect [25-38]; @ orbital Hall effect [43-45]; ®
spin-to-orbital AM conversions [46-49]; @ spin-controlled unidi-
rectional emission [62-66, 88-94]; ® the inversed effect of @ [62];
® orbital-to-spin AM conversion [54, 55, 70-74]; @ spin momentum
locking and quantum spin Hall effect of light [57, 58, 67-69].
Noteworthily, no matter whether the spin-controlled unidirectional
emission or its inverted effect, they can be decomposed into two
processes. For example, the spin-controlled unidirectional emission
in Ref. [79] includes the processes: (1) the [-SAM couples with the t-
SAM and (2) the t-SAM excites the unidirectional light due to the
property of spin-momentum locking. Vice versa, the inverted effect
of spin-controlled unidirectional emission in Ref. [62] includes the
processes: (1) the directional light excite the t-SAM due to the
property of spin-momentum locking and (2) the t-SAM couples to the
determined [-SAM.
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momentum density [57]. Remarkably, the interplay be-
tween t-SAM and the other types of AMs underlies the many
fascinating optical phenomena, extending the prospects
for SOI applications of light (Figure 1; section in blue). For
example, the coupling between the -SAM and longitudinal
spin results in a helicity-dependent unidirectional scat-
tering or excitation of guided modes (Figure 2b), and vice
versa (Figure 2c) [62-66]. This behavior arises from
the intrinsic spin-momentum locking associated with
evanescent waves which is considered the photonic coun-
terpart of the quantum spin Hall effect (Figure 2a) [57, 58,
67-69]. In contrast, the coupling between i-OAM and t-SAM
prompts an orbital-to-spin AM conversion, which occurs
widely in focusing and scattering configurations [54, 55,
70-74]. Interestingly, this orbital-to-spin AM conversion
would not produce additional net helix, which indicate that
this spin is helix-free and consistent with the extraordinary
properties of t-SAMs of the single polarized modes (helix-
free, integral vanishing, and irrelated to geometric phase).
Remarkably, considering spin—orbit coupling in optical
vortices of evanescent waves, photonic-type spin sky-
rmions [75-82] (Figure 2d), which possess chiral spin
texture similar to quasi-particles in magnetic materials in
condense matter physics, were discovered. They attract
widespread interest in the field of spin and topological
photonics and have potential applications in directional
scattering and transportation of photons [62-66, 83],
nanometrology [84-87], chiral quantum optics [88-94],
optical manipulation and communications [95-99], and
spin-based robust optical surfaces [57, 67-69].

In the last few years, several reviews have been pub-
lished that systematically introduce the concept of optical
transverse spin and the various configurations in which it
can be produced [19-22]. In this review, we focus on
introducing the underlying physics and dynamics of
transverse spin and the resultant topological structures.
We start with a theoretical classification and description of
the multiple dynamical properties of light, followed by a
discussion of the dynamical generation of transverse spin
and its relationship to the various recently discovered to-
pological structures and their associated properties.
Finally, we overview the current experimental techniques
that characterize the optical transverse spin, and end with
a discussion of this new area and its prospects.

2 Energy, momentum and angular
momentum of light

To evaluate the t-SAM and its topological origin analytically
and quantitatively, we first introduce the fundamental
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Figure 2: Optical phenomena associated with transverse spin: (a) optical analog of the quantum spin-Hall effect in a single polarized
evanescent plane wave, for which the transverse spin vector is strictly locked to the direction of momentum [67]; (b) helix-controlled
unidirectional emission of surface mode arising from the spin—-momentum locking of t-SAM [62]; (c) the inversed effect of (b): direction-
dependent excitation of helical modes [62]; and (d) photonic spin skyrmion formed in a single polarized evanescent optical vortex through

spin-orbit coupling [75].

dynamical quantities in describing the optical momentum
and the SAM. Although these dynamical properties of light
have been studied thoroughly in several existing reviews
[19-22], we still exhibit the relevant results for the conve-
nience of explaining the origin, spin-momentum locking
and topological properties of Maxwell surface fields from
the spin and momentum points of view. For a time-harmonic
monochromatic EM wave (E: electric field; H: magnetic
field) with angular frequency w in a lossless and passive
homogeneous medium with permittivity € and permeability
U, the time-averaged energy density (W) can be expressed as
(1, 2]

W =, {elEF + P} = i), ®

where the 6-vector |) = [\€E, i\ H]"/2 represents the
photon wave function [100-109] and superscript T signifies
the transpose of the matrix. Here, the SI units are used
through the manuscript. Noteworthily, only the measur-
able physical quantities at the air half space are considered
here and thus we ignore the dispersion in the paper
[110-112]. The kinetic momentum density p of the EM field
in free space can be described by the Poynting vector P as
[1-3, 100, 113]

P =B/ = 5 RelE" x H} = (lE/cip) = (¥10), ()

Where the symbol T/c = [0, S/c;S/c, 0] denotes the kinetic
momentum operator, ¢T is the energy flow operator, ¢
represents the velocity of light in vacuum, § indicates the

spin-1 matrix in SO(3) [10, 100]. Here, the symbol * is the
complex conjugate and the Dirac notation <> indicates the
inner product of operator by photon wave function [100].
From the optical Dirac equation in the Riemann-Silber-
stein representation, the first-order time partial derivative
of the position operatoris t = i[H, ¥]/h = ¢ [101-103] with &
the reduced Plank constant, which implies that the
Poynting vector/kinetic momentum reflects the (sub-
luminal) transportation of photons in classical electrody-
namics [21, 50, 78]. Alternatively, by adopting the
representation as in the quantum mechanics, a so-called
canonical (or orbital) momentum density can be defined
from the canonical Noether theorem applied to EM fields
[114-119]. This canonical momentum density is written

1 1,
Po =, Im{eE" - (V)E+pH' - (V)H) = 7 WIplY)
1
=%<p), G

where X:(V)Y = Zx;Vy; and p = -ihV denotes the mo-
mentum operator in quantum mechanics. Compared with
the kinetic momentum density given by the Poynting vec-
tor, the canonical momentum density has an intuitively
clear physical interpretation, specifically, it is proportional
to the local gradient of the phase of the EM field, i.e., the
mean wavevector (k) = p,/4 [100, 119-122]. The canonical
momentum density is independent of the polarization in
uniformly polarized fields and is equally defined for a
scalar wave field [123]. It coincides with the kinetic mo-
mentum only in situations in which one can neglect the
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polarization ellipticity or SAM. The circulation of the ca-
nonical momentum immediately yields the orbital angular
momentum (OAM) density of the EM field, expressly,
L = r x p,. This density has intrinsic and extrinsic parts
associated with the optical vortex and photon trajectory,
respectively [4-17].

In addition, from the SAM and OAM decomposition
[10, 100], the kinetic momentum density can be decom-
posed into p = p, + Ps, Where the “spin momentum den-
sity” ps, which was introduced by Belinfante in field theory
[124], is related to the ellipticity of polarization; expressly,

Ps =%V>< SandS =$Im{e(E* x E) + u(H* x H)}
1 P 1 =
= (WIS =, (8), “)

where S is the SAM seen to be proportional to the local
ellipticity of the field polarization, with the spin vector
lying along the normal direction of the polarization ellipse.
Thus, the SAM density S is an independent dynamical
property of the EM field, related to the polarization ellip-
ticity of freedom [58]. Obviously, the SAM density is an
intrinsic quantity, but its direction with respect to the wave
momentum (whether the kinetic momentum or the ca-
nonical momentum) is not specified in the generic case.
This suggests that the photonic spin vector associated with
the three-dimensional rotating of electric and magnetic
polarizations can be oriented in an arbitrary direction and
thus contains components both perpendicular and parallel
to the mean wavevector. The total AM density of the field is
the sum of the spin and orbital parts: J =S + L [115, 125]. The
spin and orbital AMs both manifest in very different man-
ners in local light-matter interactions, and hence they
should be considered as independent physical properties,
corresponding to different degrees of freedom.

3 Theories for describing the
optical transverse spin

To illustrate the different types of optical spin and the
coupling with OAM, we first consider a circularly polarized
plane wave propagating along the z-direction in free space
with wave vector k. By expressing the electric field of the

’< WEpW Wepw B
epw _ [ v — verw epw _ (2
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epw epw
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circularly polarized wave as EPY = \hw/e, (1, 0i,0)e*? in
the Cartesian coordinates with unit vectors (X,V,Z), the
main dynamical quantities are found to be

cW_ w cW_ w
PU="pl=Vig P =Gl Ve, B0
w w . ’
W = hw kpwzpf; = kz S" = hokl "

®)

where g, is the permittivity in vacuo and K" = k"/k is
the unit directional vector of canonical momentum, indi-
cating that the SAM vector is along the direction of the
canonical momentum/mean wavevector, manifesting as a
longitudinal-type of optical spin that is related to the EM
helicity o [126-134]. Note that both the kinetic and canon-
ical momenta determine the velocities associated with
energy transports, i.e., kinetic and canonical group veloc-
ities [50, 78, 135, 136]. For the circularly polarized light in
free space, the kinetic group velocity v8" and the canonical
group velocity vi are equivalent and equal to the velocity
of light c in vacuo. In addition, the spin momentum den-
sities ps of these plane waves vanish despite the beams
carrying the I-SAM. However, for a structured light field,
the kinetic group velocity v?" regarded as the actual
transportation velocity of photons will be different from the
canonical group velocity v which becomes superluminal
contradiction to relativity [78] owing to the present of spin
momentum density (generally, spin momentum is inverse
to the canonical momentum to keep the actual energy
transportation subluminal). Thus, the canonical group
velocity v&7' is not the real velocity of photon transport but
be mainly mathematical.

The situation is remarkably different when the plane
wave is confined at an interface (evanescent wave) [77].
Considering a transverse magnetic-type evanescent
plane wave (in Figure 3a) propagating along the y-axis
and decaying in the z-direction with a complex wave-
vector kK" = By+ik,Z, where B and ik, stands for the in-
plane and out-of-plane wavevector components and satisfy
B> — k2 = k’. The electric and magnetic field components
may be expressed as E¥" = \/2hiw/e, (0, —ik,/B, 1)elPyF:=
and H?Y = \[2hw/e, (k/B, 0, 0)e~%/n, respectively, with
the wave impedance 7 = +/jy/€y; the other dynamical
quantities can subsequently be obtained,

weew

epw
P,

o pWw epw ki epr
2 V=Vg P < :<_B_kc> =Y

(6)

hw hw

B
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Equation (6) reveals the transverse nature of the SAM
in the evanescent plane wave (perpendicular to mean
wavevector K*"). This t-SAM existed even in the single
polarized light free from polarization coupling and is in-
dependent of the EM helicity o represents a novel type of
optical SAM that is in sharp contrast with the usual
longitudinal-type SAM of circularly polarized plane wave.
Later, the optical transverse spin indeed was also found to
prevail in confined or structured EM fields in free space
along with the evanescent waves, including focused beams
[21, 22, 54, 55, 58], interference fields [59], and guided
modes [50-52, 57, 60], and even nonpolarized light [61], to
name but a few (Figure 3). The introduction of various types
of optical transverse spins can be found in several other
literature reviews [21, 22]. Note that the spin part of the
momentum densities ps of the structured lights mentioned
above appear indeed, which contrasts with the case of
longitudinal-type spin in circularly polarized light pro-
portional to EM helicity ¢ as indicated in Eq. (5). Thus, the
appearance of spin momentum density always accom-
panies the structured property of EM field and leads to the
present of the optical transverse spin. In turn, it would play

P. Shi et al.: Spin photonics = 3931

an important role in identifying and determining the opti-
cal transverse spin. (Mathematically, if the SAM S is purely
longitudinal and parallel to the kinetic momentum p, the
spin momentum ps = V x S/2 should be perpendicular to
the p owing to the curl operator. This is illogical since
P = Po + Ps, Where the spin momentum cannot purely
perpendicular to kinetic momentum [58, 95]. On the other
hand, if the SAM S is perpendicular to the kinetic mo-
mentum p, one can observe that the spin momentum
Ps =V x S/2 is parallel to the p.)

Previously, an empirical procedure to identify the op-
tical transverse spins included calculating the SAM and
comparing the spin orientation to the mean wavevector (or
to the canonical momentum p,) [21, 67]. This empirical
perspective, although providing an intuitive way to iden-
tify the transverse spin in various optical configurations as
those demonstrated in Figure 3, cannot provide a quanti-
tative analysis of the t-SAM, and be generalized to more
complex scenarios. An example is when structured waves
with an arbitrary trajectory (such as surface Airy beams,
surface Weber beams, etc.) and spin—orbit coupling (such
as surface Bessel beams) need to be considered for which

X
3

£

>

Spherical

Resonator

Source

Figure 3: Identifying the transverse spin using the “k-method” in various optical configurations: (a) single polarized evanescent wave [50];
(b) focused single polarized Gaussian beam [22]; (c) two-waves interference field [58, 59], and (d) whispering-gallery-mode in optical

resonators [56].
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the spin momentum density (p;) is also important [57, 78].
Based on the former analysis, the latest researches sug-
gested that the kinetic momentum p = p,, + ps proportional
to the energy flow/Poynting vector P was employed for
identifying and evaluating the optical transverse spins at
the more general circumstances, from the purely transverse
magnetic/electric surface modes [57] to an arbitrary
polarized field no matter whether in the optical near-field
or the free space [58].

To understand the relationship between transverse
spin and energy flow/Poynting vector, we construct a
classical phenomenological model analogous to fluid dy-
namics [137], in which a spherical Rayleigh particle with
fixed translational movement but free rotational motion is
embedded in an environment with a spavtially invariant
flow density, to understand the generation of transverse
torque in the system (Figure 4). We first assume an energy
flow propagating along the +x-direction with the magni-
tude gradually increasing in the y-direction (Figure 4a).
Obviously, a gradient force arising from the energy flow
(0cOP,/dy) causes the immersed particle to experience a
torque acting along the —z-direction and to rotate clock-
wise. In the same way, an energy flow along the +y-di-
rection varying in the x-direction (see Figure 4b) produces
a torque along the +z-direction («oP,/9x) and forces the
particle to rotate anticlockwise. Combining these two ef-
fects, the strength of the particle’s torque in the x—y plane
is possibly determined by (oP,/0x — 0P,/dy)z. Follow
these ideas to consider the transverse torques caused
by the gradient optical energy flows in the three-
dimensional directions, the overall transverse spinning

P, P
oy
Overall: x oy

P

y /
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effect on the immersed particle as: (0P,/dy — OP,/0z)X+
(OPy/9z — OP,/0x)¥ + (OPy/0x — dP,/dy)Z. Now, from the
former analysis, one may conjecture that the inherent
transverse SAM in the system arising from the gradient
of the energy flow density associated with the in-
homogeneities/structure properties of light fields [57].

Recently, this conjecture was first validated by Shi and
for the single polarized evanescent EM waves at an optical
interface that manifested as a simple curl-relationship be-
tween the t-SAM and the Poynting vector/kinetic mo-
mentum density [57],

StzziszxP=%pr. @

One can understand the relation in three aspects. First,
it is worth noting that the law for spin-momentum locking,
Eq. (7), only describes the dynamics of the transverse spin
as present in Figure 4.

Second, in a special case that an interface is present
between media with different relative permittivity and
permeability to break the dual symmetry between the
electric and magnetic features [57, 67, 114, 125, 127], there
would be only the single polarized evanescent EM mode
survives and the intrinsic connection between the spin and
energy flow/momentum densities should be considered
individually for transverse magnetic and transverse elec-
tric guided modes (as discussed in Refs. [57], [67] and [77]).
Obviously, there is no coupling between the two polarized
modes and thus there is no net EM helicity originated from
the polarization ellipticity exist in the case (for example,
the spin of circularly polarized light in Eq. (5) is originated

y
y

7

oP
ox

Figure 4: Classical phenomenological model analogous to fluid dynamics employed to demonstrate the relationship between transverse
torque and energy flow: (a) an energy flow propagating along the +x-direction with gradually increasing magnitude in the y-direction will cause
the immersed particle to rotate clockwise; (b) an energy flow propagating along the +y-direction with nonuniformity in the x-direction causes
the same particle to rotate anticlockwise. The overall spinning effect on the particle is determined by factor (3P,/3x — dP,/dy)z.
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from the coupling between x and y polarized modes
Im{E;E,}). Therefore, it is logical that the three-dimensional
spin vectors of these single polarized modes can be
considered as the optical transverse spin universally,
namely, S=S; =V xP/2w? =V x p/2k2, which is consis-
tent with the formula in Ref. [57]. In this way, by employing
the spin—-momentum relation, the optical transverse spin in
the near field (Figure 3) can be evaluated analytically and
quantitatively. For example, taking the evanescent plane
wave propagating in the y-direction, the vorticity of the ki-
netic momentum is V x p#" = -0 pP*/0zX = ISP,
which is consistent with the former analysis in Egs. (6) and
(7). In a more general case, Eq. (7) also reveals that, in
addition to the optical spin oriented along the surface (in-
plane transverse SAM present in evanescent plane wave in
Eq. (6)), which has been studied intensely of late, there
exists another category of transverse spin for an evanescent
field oriented out of the surface plane. This SAM is induced
by the in-plane Poynting vector that arises from the gradient
of the energy flow density within the interface, whereas the
in-plane transverse spin arises from the gradient of the en-
ergy flow density normal to the interface. Taking the
evanescent optical vortex (e-OV) at air/metal interface as an
example [75], the kinetic momentum has only one compo-
nent along the azimuthal direction because of the presence
of an OAM in the beam (p,, o lweﬁzflz( Briexp ( —2k,z)/2r).
The variation of the momentum density in the z-direction
induces an in-plane component of the SAM (S,), whereas its
variation in the radial direction induces an out-of-plane
component (S,). They are linked via the spin—-momentum
relation [75, 77, 78],

op,. .19 =
Vxp=| - IR0 o (m,)2]

18 R R
= % [kzjl2 (B)Y, 09, B, (ﬁr)]l'(ﬂr)z]eﬂkzz
= 28, = 2°S. ®

It is worth noting that the whole SAM components can
be regarded as optical transverse spin for the single polar-
ized evanescent wave field. The same analysis can also be
extended to other structured evanescent waves such as the
cosine beam, the Airy beam, the Weber beam and photonic
counterpart spin topological defects [57, 76-79] in the air/
metal interface. In other words, the in-plane and out-of-
plane spin components together reflect the complete pic-
ture for transverse spin of structured guided waves. These
results, however, cannot be explained explicitly by the
previous analysis from considerations of the polarization or
wavevector.

P. Shi et al.: Spin photonics =—— 3933

Thirdly, in the past, the optical transverse spins in
confined EM fields (such as: surface plasmon polaritons
(SPPs) at the air/metal interface) were considered as
stemming from the emergence of the normal polarized field
component with a 71/2 phase shift with respect to the hor-
izontal field and prompting the rotation of polarization
within the plane containing the direction of propagation.
This analysis from the perspective of the polarization did
provide some clue to understanding the emergence of the
optical transverse spin. Nevertheless, this can only give a
qualitative analysis, and it is unclear physically why a
confined EM field induces a 77/2 phase difference between
the normal and horizontal field components. The spin-—
momentum curl-relation tells us that if there is a structure
in the momentum density, there will be a locally distrib-
uted transverse spin determined by Eq. (7). The appearance
of a transverse spin indicates the rotation of polarization
and hence the phase difference between the field compo-
nents. Note that this theory can be used to explain the
rotation of the polarization associated with all field com-
ponents, rather than only between the normal and hori-
zontal field components. More importantly, it is well-
known that the longitudinal spin in the circularly polarized
plane wave is determined by the EM helicity. On the con-
trary, the transverse spin is pervasive in the structured light
field and is originated from the inhomogeneities/structure
properties of classical field, including the intensity, phase,
polarization and even helical inhomogeneities, as shown
in Eq. (7). In addition, the other fundamental properties of
t-SAMs for these single polarized modes, including the
helix-free, integral vanishing and irrelative to geometric
phase evolution of EM system, are totally counterintuitive
and dramatically different from those of longitudinal-type
spin.

Remarkably, the spin-momentum relation can also
be employed for analyzing the optical transverse spin of
EM fields in free space. Taking the two-wave interfer-
ence of individual single polarized plane wave whose
the longitudinal spin is absent (Figure 3c) as an
example [21, 59], the two individual helix-free waves
propagating in the xz-plane are expressed as E; =
(k,/kR, O, -k /kZ)e®1* and E, = (k,/kR, OV, ky/kZ)e*
with K; = k,Z + kX and K; = k,Z - kX, respectively. The
kinetic momentum is p = €ok, cos?(kyx)/2wZz and the
SAM is S = eokk,sin (2kx)/4wk’y. One readily derives

op.. Op,. .
\% = ,— .0
xp [ ayx bxy z]

- [ox,e";‘;}kzsin(zkxx)v, 02] =20, = 2K%S.  (9)
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The same relation can also be obtained at the focal
plane of a paraxial focused Gaussian beam without a lon-
gitudinal helical spin (the single polarized mode). The
aforementioned examples can validate that the total spin
vector of a single polarized structured light can be regarded
as optical transverse spin universally that is originated
from the inhomogeneity of optical field and expressed as
S=S,=V xPR2w? =V x p/2k’.

Moreover, even for a generic EM field with coupled po-
larizations or the nonpolarized light [61], the expression (7) is
also available. For example, a monochromatic circularly
polarized plane-wave, Eq. (5), carries a SAM aligned parallel
to the mean wavevector, whereas the curl of the Poynting
vector vanishes because of the uniform distribution of the
momentum density over the whole space. Thus, one can
conclude that the transverse spin is zero S?" = V x pP¥/2k* =
0 and the remaining spin can be regarded as the longitudinal-
type SAM S/ =8 — 87" = hak?"/k = hok’" in Eq. (5).
Subsequently, considering an evanescent plane wave with
coupling polarizations with electric field components

expressed as E#" = \/hw/eo<1)2 - 0i%y + oi £2>e"ﬁy"‘zz, the
magnetic field
H*Y = x/hw/e()(oii + Ky gi)eiﬁy‘kzz/n. One readily de-

components can be obtained as

rives the dynamical properties of field can be summed as: the

energy density W = hw ge‘z"zz, the kinetic momentum is
pPY = ’l—§ %( - kf oxX+1y + 02), the transverse spin is given

by S = V x p"/2I’, the longitudinal-type SAM is S7" =

hok®"/k = hok " and the total spin S™ = S{" + S{" [58].
Obviously, the total spin can be decomposed into longi-
tudinal and transverse spins, where the transversality of
transverse spin is available universally because there must
be VeV x A = 0 for an arbitrary vector A. Furthermore, to
generalize this idea to a more general situation, we
consider the two-waves interference in which the two in-
dividual interfering waves can be linear, elliptical or cir-
cular polarization. From laborious derivations, it can be
obtained that the expression (7) for transverse spin still
satisfies, which indicates that the total SAM of the field can
be decomposed into the transverse spin generated by the
structure properties of the EM field S; = V x p/2k? and,
together with the longitudinal spin determined by the EM
helicity solely S; = ho Ak [58]. Here, the symbol A repre-
sents the interconnection between the helicity and wave-
vector is local instead of global. Noteworthily, the
decomposition of spin into the transverse and longitudinal
spins is in accord with the Helmholtz decomposition of an
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arbitrary vector field. From the superposition theory of
states, an arbitrarily structured light field can be expanded
into the superposition of plane waves [1, 2]. Thus, our result
can be also available in the arbitrarily structured light field
that can be decomposed into the superposition of plane
waves [58]. To sum, the expression (7) describes the dy-
namics of the transverse spin of the structured EM field, no
matter whether in the near-field or in free space.

In addition, Eq. (7) also indicates that the transverse
spin has no source, i.e., V-S; = 0. In consequence, for
guided EM waves without a longitudinal-type optical
spin (since we will consider the photonic chiral spin
textures in this situation), a set of spin-momentum
equations may be formulated analogous to the Maxwell
equations (Table 1: here, for the single polarized mode
without a longitudinal-type optical spin, the total SAM is
consistent with the t-SAM and we ignore the subscript ¢
in the symbol S). Bearing in mind that an EM wave in
a source-free homogeneous medium may be described
using a Hertz potential (¥) satisfying the wave equation:
V¥ + I?¥ = 0, and that the Poynting vector (P = ¢’p)
may be calculated from the Hertz potential, P o
i(P*VY¥ - ¥V¥*) [123], one finds that the spin and orbital
properties of the guided EM modes may be obtained
directly from the spin-momentum equations without
knowledge of the electric and magnetic fields. This
framework opens up opportunities for designing spin
structures and topological properties of EM waves with
practical importance in spin optics, topological pho-
tonics, metrology and quantum technologies, and may
be used to extend the spin-dynamics concepts to fluid,
acoustic, and gravitational waves [138-143].

Furthermore, following the same operations per-
formed on Maxwell’s equations, one can obtain a
Helmholtz-like equation that describes the spin-orbit
coupling of guided EM fields (see row 7 in Table 1). From
the row 5, one can find that, comparing to the electric
currents (J) in Maxwell’s equations are considered as
external sources for magnetic field (H) (Ampere’s Law), the

Table 1: Spin-momentum equations for the single polarized EM
evanescent waves [54].

Spin-momentum equations

V.p=0
V-S=0
V xp = 2k*S

VxS= 2(p - pu)
Helmholtz-like equation
V28 + 4k*S = 2V xp,
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orbit part of the momentum density (p,), which determines
the OAM of the field (L = r x p,) [20], is considered here as
an internal competitor of optical transverse spin (On one
hand, due to the conservation of total angular mo-
mentum, the Helmholtz equation represents the conver-
sation from the OAM L = r x p, to the SAM expressed by
I X P, in Ref. [20]. On the other hand, the Helmholtz-like
equation in row 7 can be also considered as the spin-
momentum locking between canonical momentum and
SAM). Although the total momentum p = p, + ps o< kk is
definite for a monochromatic photon, the local structure
or varying of the canonical momentum density (p,) will
affect the redistribution of optical transverse spin and
hence the accompanied spin momentum density (because
the photon momentum hk is constant), which can be
considered as a mechanism that the canonical momentum
density is in competition with the spin momentum density
through the interchange between the two kinds of angular
momenta (spin and orbital) [78].
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4 Topological properties of optical
transverse spin

In addition to uncover the physical dynamics of transverse
spin, Eq. (7) indicates a unique spin-momentum locking
feature associated with this spin. For the evanescent plane
wave at a vacuum/metal interface (Figure 5a) and from Eq.
(5), oppositely propagating evanescent waves with +p
and -p along the y-direction carry opposite transverse
optical spins S, > 0 and S, < 0 along the x-direction, with the
direction of the ¢-SAM locked to the kinetic momentum of
the wave. This universal feature of spin-momentum lock-
ing is considered a photonic analog to the quantum spin-
Hall effect of electrons in topological insulators [144-149].
This feature underlies the spin-controlled directional
coupling of evanescent waves such as SPPs [19, 20, 57, 58,
62-68, 83-94]. For structured evanescent waves with
spatially varying intensity distributions, inhomogeneity in

EARY = e A=

—_

?‘n'e) Kyisuop mopJ A31ouyg

1.98

X (M)

AAAAAAA A2 rs 0\ y A AN

Y

g

x () 11

Figure 5: Transverse spins and spin—-momentum locking in various evanescent SPP waves arising from the spatial variation of the kinetic
momentum/Poynting vector: (a) in an unstructured evanescent plane wave, an in-plane transverse spin is present because the Poynting vector
normal to the interface decays [67]; (b—d) in structured evanescent waves such as (b) the cosine wave, (c) the Bessel wave, and (d) the Airy
wave, there exists besides the in-plane transverse SAM as in (a), another type of transverse spin aligned normal to the interface thatis induced
by the in-plane Poynting vector arising from the variation in energy flow density within the interface. The spin vectors of the structured beams
swirl around the energy flow lobes and their local orientations vary from the ‘up’ to the ‘down’ states, obeying the right-hand rule (see inserts
above the panels; the vector graphs show the normalized spin vector along the green lines in the corresponding figures). These orientations
are inverted for waves with an opposite direction to the energy flow. Note that for beams with curved trajectories, the spin variation is
considered in the plane perpendicular to the local tangential direction of the energy flow [57].
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Figure 6: Various kinds of photonic topological structures in guided waves formed in real space: (a) Néel-type photonic spin skyrmion formed
in an evanescent optical vortex, for which the spin vector varies progressively from the ‘up/down’ state at the center to the ‘down/up’ state at
the edge (with integer skyrmion number) [75]; (b) Bloch-type photonic spin skyrmion in guided waves introduced into a layer of a chiral

material which induces an E-H coupling [141]; (c) meron-like photonic spin structure in a specially designed SPP field [156]; (d) and (e) lattices
exhibiting 6-fold rotational symmetry of dynamic field skyrmions produced by an evanescent field in the absence spin—orbit coupling, mapped

(d) spatially [154] and (e) temporally [155].

the momentum density induces both in-plane and out-of-
plane t-SAM components introduced above. Both are
perpendicular to the local direction of momentum. The
relationship between the two components leads to a chiral
spin texture with spin vectors swirling around the mo-
mentum lobe (Figure 5b-d), its directional variation
(i.e., chirality) being locked with the momentum. The
orientation of the spin vectors varies progressively from the
‘up’ state to the ‘down’ state across the momentum lobes
while obeying the right-hand rule (at the vacuum half
space). This progression is a manifestation of a generalized
spin-momentum locking associated with an arbitrary
structured evanescent wave.

Definitely, the total Chern number of a surface mode
vanishes (C; = 0) originated from the time-reversal sym-
metry of nonmagnetic Maxwell’s equations [57, 67, 77].
However, the spin Chern number is Cqpin, = 4. This nonzero
spin Chern number implies that the nontrivial helical
states of EM waves indeed exist and are strictly locked to
the energy propagation direction [57]. Despite the exis-
tence of such nontrivial helical states at the interface
governed by the spin-momentum locking, the topological

7Z, invariant of these states vanishes owing to the time-
symmetry of the Maxwell’s equations. Thus, the spin-
momentum locking of optical transverse spin discussed
here is different from the “pseudo-spin” [147-149] in
artificial photonic structures which is engineered to break
the time-reversal symmetry, therefore, possessing pro-
tection against back-scattering. Although the trans-
formation of the two helical states of evanescent waves is
not topologically protected against scattering, the spin-
momentum locking and the induced unidirectional exci-
tation and transportation of photons are the intrinsic
feature of the Maxwell’s theory and are topological
nontrivial (possess Z, topological invariant) [57, 77, 150].

Note that the spin vector has an orientation along the
interface at the maxima of the momentum density and are
normal to the interface at the nodes. Therefore, a period for
the spin variation can be defined with respect to two
adjacent nodes of the kinetic momentum density as
exhibited by topological solitons [75-81, 151-159]. This
results in the formation of many intriguing photonic spin
structures arising from spin-orbit coupling, for example,
the Néel-type photonic spin skyrmion in an evanescent
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optical vortex [75—-81] (Figure 6a), the Bloch-type skyrmion
in the presence of a layer of chiral material [151] (Figure 6b),
and the meron-like spin structure in a specially designed
structured field [156] (Figure 6c). In the absence of spin—
orbit coupling though, these spin topologies degenerate
into dynamic field-skyrmions [154, 155] (Figure 6d and e).
These intriguing topological structures in real space and
their ultrafast dynamics have attracted wide interest
recently and open up new pathways for topological pho-
tonics, quantum photonics and metrology, and new ave-
nues to explore topological condensed matter systems
[160-162].

5 Experimental characterization of
transverse spin
In contrast to the longitudinal spin of circularly polarized

light in free space, the measurement of the transverse spin
density of evanescent waves or strongly confined EM fields
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requires more elaborate detection techniques having
nanoscale precision [54, 55, 57, 58, 61, 66, 76, 81, 82,
152-156, 163-167]. To characterize the transverse SAM in
confined EM fields, much effort has been spent in the past
few years yielding several techniques. Banzer and col-
leagues proposed and demonstrated a self-built optical
detection system that employs a SiO,-coated silicon
nanoparticle as a near-field probe (Figure 7a) [55]. High
refractive index nanoparticles such as Si-nanoparticles
support both electric and magnetic resonances. When
interacting with an incident beam, scattering emissions
from the nanoparticles exhibit a certain directionality
related to the transverse spin. By extracting the intensity
information at four specific points in k-space (back focal
plane), the transverse SAM density may be reconstructed
by employing the dipole theorem, both for the electric and
magnetic parts of the transverse SAM density. Employing
this method, the transverse spin in focused cylindrical
vector beams associated with the longitudinal field
component (E, or H,), i.e., the in-plane t-SAM, was
measured successfully (Figure 7b).

ILCP

(f) Radially polarization
with 1-order vortex

3-order CVB
with 1-order vortex

Radially polarization
with 2-order vortex

1 .15

0
x(A)

Figure 7: Experimental tools developed for measuring the transverse SAM: (a) and (b) a Si-nanoparticle, of which the scattering pattern at the
Fourier domain is related strongly to the transverse spin, was employed for measuring the transverse SAM density of focused vector beams
associated with the longitudinal fields (i.e., the in-plane transverse spin) [55]. (c) and (d) A nanoparticle-on-film structure, designed to be

sensitive to the transversal field component, was employed to map the near-field distribution of the out-of-plane transverse SAM component
of SPPs [76]. (e) and (f) Atapered fiber probe sensitive to the transversal field was employed to map the out-of-plane SAM component of various

focused cylindrical vector beams [166].
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Besides the in-plane t-SAM component, several re-
searchers proposed a configuration to map the out-of-
plane t-SAM component in SPPs (Figure 7¢) [57, 76]. The
method is based on an inherent relationship between the
out-of-plane SAM and the two circular polarization com-
ponents of the in-plane field: S, oc Izcp — I cp. In their ex-
periments, a nanoparticle-on-film structure was employed
as a near-field probe, to be sensitive specifically to the in-
plane electric field component. A combination of a quarter
waveplate and a polarizer was used to extract the two cir-
cular polarization components of the far-field signal. The
configuration was employed to map the near-field distri-
butions of the out-of-plane SAM component for various
structured SPP fields (Figure 7d). This method is consistent
with the techniques in reference [64].

The above method was later extended and adopted in a
scanning near-field optical microscope (Figure 7e) to map
the out-of-plane SAM component in various focused cy-
lindrical vector beams [166]. A tapered fiber probe coated
with 200 nm-thick gold film with a nano-hole punched at
the end face is sensitive specifically to the transversal field.
Using a quarter-wave plate and a linear polarizer to analyze
the collected signals as above, the CP components asso-
ciated with the transversal field component may be
extracted to reconstruct the longitudinal SAM component,
in principle for any arbitrary EM field (Figure 7f).

6 Conclusions and prospects

We reviewed the recent progress in spin photonics asso-
ciated with transverse spins, with an emphasis on intro-
ducing their underlying physical dynamics, their
topological properties, and resultant structures. The opti-
cal transverse spins originate within the spatial structure of
the kinetic momentum/energy flow and are a fundamental
property of EM waves. In contrast to the longitudinal-type
spin in circularly polarized light, which typically requires a
“source” for their generation (e.g., birefringent or chiral
materials), the transverse spin is source-less and hence
exists widely in structured or confined EM fields with
nonuniform intensity distributions. The curl-relationship
with the kinetic momentum density results in a set of
Maxwell-like spin-momentum equations that link the spin
and OAM in guided near-field waves. With these equations,
the spin and orbit AMs are obtained directly from the scalar
Hertz potential of an optical system, without knowing the
electric and magnetic fields. As a result, although being a
parameter related to polarization, the modulation of the
transverse spin in guided waves may be performed inde-
pendently of the polarization. Indeed, the control and
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modulation of the SAM in the past from the perspective of
polarization is difficult as polarization is a vectorial
parameter, particularly in strongly confined EM fields
where the intensity, phase, and polarization are strongly
related. With this consideration, the transverse spin may be
a degree of freedom having both wide modulation and
broad application. For example, based on the deep-
subwavelength feature of fine structure in photonic sky-
rmion, one can develop a metrology technique with sub-
nm resolution, which has potential for applications in the
single molecule localization imaging [75]. On the other
hand, based on the chiral whirling feature of photonic
skyrmion and meron, one can predict a momentum-locked
unidirectional optical force in the interaction between
chiral textures and chiral molecule [78], which can be
widely used in the chiral detection, chiral imaging, etc.
Moreover, the photonic solitons, which are stable and
protected by the symmetry of optical system, would be
applied in the optical data coding and storage. In addition,
the demonstration of chiral textures was relied on the
various high-precision ultrafast optical near-field mea-
surement systems. In contrast, the fast development of
chiral textures would also accelerate the development of
near-field measurement techniques and the further ultra-
fast control of photon-electron interactions [155, 156].
Through its subwavelength feature and its natural chiral
property, the transverse spin may find advanced applica-
tions in optical nanometrology, chiral molecule detection
and imaging, data coding and storage, and the ultrafast
control of photon—electron interactions. The concept and
framework regarding spin—orbit interactions and spin-—
orbit decomposition has been extended into a variety of
classical waves, including acoustic waves [138-140],
elastic [141], fluid waves [142], and even gravitational
waves [143]. For example, longitudinal acoustic waves
have a Klein—Gordon representation and there is a similar
curl relationship between the momentum and the SAM
[138-140]. This would provide new insights for interdisci-
plinary research covering analogies of other systems to
optical systems.
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