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Abstract

The spin Hall effect (SHE) of light, as an analogue of the SHE in electronic systems, is a
promising candidate for investigating the SHE in semiconductor spintronics/valleytronics,
high-energy physics and condensed matter physics, owing to their similar topological

nature in the spin—orbit interaction. The SHE of light exhibits unique potential for exploring
the physical properties of nanostructures, such as determining the optical thickness, and

the material properties of metallic and magnetic thin films and even atomically thin two-
dimensional materials. More importantly, it opens a possible pathway for controlling the spin
states of photons and developing next-generation photonic spin Hall devices as a fundamental
constituent of the emerging spinoptics. In this review, based on the viewpoint of the geometric
phase gradient, we give a detailed presentation of the recent advances in the SHE of light and
its applications in precision metrology and future spin-based photonics.
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1. Introduction

In 1879, Edwin Hall found that when a magnetic field is
applied perpendicular to an electrical conductor carrying an
electric current, a voltage difference (the Hall voltage) can
be observed across the conductor [1]. This phenomenon was
subsequently referred to as the Hall effect. The physical ori-
gin of the Hall effect is attributed to the Lorentz force experi-
enced by the charge carriers in the electrical conductor. After
the original discovery, a series of Hall effects for electrons,
for example the anomalous Hall effect [2], the quantum Hall
effect [3, 4], the spin Hall effect (SHE) [5-7], the quantum
SHE [8, 9], the quantum anomalous Hall effect [10] and the
valley Hall effect [11-13], as well as their photonic counter-
parts [14-16], have also been presented and investigated.
They form a very big family of Hall effects. Two recent arti-
cles have reviewed research on the spin—orbit interaction and
transverse and longitudinal angular momenta of light, which
are of great significance for a comprehensive understanding of
Hall effects [17, 18]. Due to their contribution to fundamental
science and potential industrial applications, they have been
the subject of sustained attention for a long time [19-22].

In addition to their electric charge, electrons have another
degree of freedom, namely spin, which corresponds to the
SHE stemming from the spin—orbit interaction [5—7]. It mani-
fests as spin accumulations (spin-dependent splitting or shift)
of spin-up and spin-down electrons on both lateral bounda-
ries of a current-carrying sample without requiring an applied
magnetic field. The SHE has promoted the development of
spintronics by offering an effective approach for generating,
manipulating, and detecting spin-polarized electrons [19-22].
Analogous to the SHE in electronic systems, the SHE of
light, also called the photonic SHE, manifests itself as spin-
dependent shifts or spin accumulation of photons, where the
spin-1 photon and refractive index gradient correspond to the
spin-1/2 electron and electric potential gradient, respectively
[17, 18, 23-30].

The spin-dependent shift of light beams was initially inves-
tigated in total internal reflection and gradient-index materials
several decades ago, where it is referred to as the Imbert—
Fedorov effect [31, 32] and the optical Magnus effect [33, 34],
respectively. It can be calculated in terms of a stationary-phase
argument [35], and can be interpreted by introducing the con-
servation of angular momentum and the spin—orbit interac-
tion between a photon’s spin and its orbital motion [33-37].
In 2004, Bliokh et al interpreted the topological photon spin
splitting phenomenon in smoothly inhomogeneous isotropic
media in terms of the geometric Berry phase, and connected it
to the anomalous Hall effect for electrons [23, 24]. Almost at
the same time, Onoda et al explained this phenomenon based
on the geometric Berry phase and conservation of angular
momentum, and referred to it as the ‘Hall effect’ of light [25].
In fact, the Imbert—Fedorov effect and the optical Magnus
effect can be viewed as examples of the SHE of light. In
2006, Bliokh et al presented a complete theoretical treatment
to describe the SHE in the refraction/reflection of a paraxial
light beam at an optical interface between two different media
[26, 27]. The theory was verified by Hosten and Kwiat in 2008

in a remarkable experiment using a quantum weak measure-
ment technology [28]. In fact, the spin Hall transverse shift is
very tiny at subwavelength scale due to the weak spin—orbit
interaction and it is difficult to observe directly. The weak
measurement experiment is an indirect method that allows the
subwavelength spin Hall shift to be enhanced and measured
using a position-sensitive detector. Actually, the spin Hall
shift of light can also be amplified through multiple reflections
in a cylinder glass where the beam shifts can be directly dis-
criminated [29, 30]. Giant SHEs with a beam shift of several
wavelengths have been observed in some special situations,
such as in nonparaxial light fields [38—42], in optical reflec-
tion near the Brewster angle [43-46] and in the presence of
topological edge states [47].

The underlying physics of the SHE of light is attributed to
the spin—orbit interaction, which corresponds to two kinds of
geometric phases: the spin redirection Rytov—Vladimirskii—
Berry (RVB) phase related to the change of wave vector direc-
tion and the Pancharatnam-Berry (PB) phase associated with
the manipulation of the polarization of light [48—52]. When a
paraxial beam is reflected or refracted at an optical interface,
the polarization vector of each angular spectrum component
rotates in momentum space (k space), acquiring different RVB
phases [25-28]. The interference of these modified angular
spectrum components results in the redistribution of the light
intensity which manifests as a spin-dependent spatial shift of
the beam centroid in real space (coordinate space). A paraxial
light beam passing through an inhomogeneous anisotropic
medium, even at normal incidence, acquires a space-variant
PB phase in real space [53-57], resulting in a spin Hall shift
in momentum space [58—62]. The shift generated by the RVB
phase is extremely tiny in general and can be amplified by
weak measurement or in multiple reflections. The spin Hall
shift in momentum space produced by the PB phase increases
during beam propagation, and can be directly detected with-
out using the weak measurement.

In this review, we will adopt the viewpoint of the geometric
phase gradient and focus on the most recent advances in the
SHE of light induced by both types of geometric phase in dif-
ferent physical systems. The application of the SHE in preci-
sion metrology for optical nanostructures will be discussed.
The spin Hall shift in optical interfaces is very sensitive to
the optical parameters of materials comprising the interface,
such as the refractive index and thickness variation; hence, it
is possible to use the SHE of light as a sensitive metrology
tool to characterize materials at the nanometer scale [63—65].
The SHE in optics may also serve to explore the SHE in semi-
conductor spintronics/valleytronics, high-energy physics and
condensed matter physics. In high-energy physics, observa-
tion of the SHE is beyond existing experimental conditions,
and in condensed matter physics its observation is very com-
plicated [19-22, 29, 30, 66-69]. However, in classical optics,
the SHE is relatively easy to detect experimentally, and the
results can be directly extrapolated to those fields. More
importantly, because of the subwavelength-scale shift in the
SHE of light, it is expected to enable manipulation of light
at the nanoscale. Therefore, the SHE of light offers a con-
venient and robust opportunity for developing photonic spin
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Hall devices analogous to the recently developed spintronic
devices, and will bring about a new branch of optics—spinop-
tics [19-22, 29, 30, 58-62, 70, 71].

It is stated that the so-called ‘optical SHE’ observed in a
semiconductor micro-cavity deals with the generation of spin
currents of neutral exciton—polaritons [72, 73]. Although it
also exhibits the polarization-dependent splitting of light, we
exclude it from our consideration due to its slightly different
mechanism of combining the elastic scattering of exciton—
polaritons and a light-induced magnetic field.

2. Geometric phase gradient: a unified description
of the SHE of light

The mutual influence and interplay between spin angular
momentum (SAM) and orbital angular momentum (OAM)
produces the optical spin—orbit interaction. SAM is associ-
ated with the elliptical polarization of light [17, 18, 74-76].
The polarization helicity o takes a value of —1 for left-
handed or 41 for right-handed circular polarization, where
the handedness is defined from the point view of the source.
The two circular polarizations represent the two spin states
of the photon in the quantum picture. Each right- and left-
handed circular polarized photon carries a SAM of +# and
—h, respectively, where % is the reduced Planck constant.
There are two types of OAM—intrinsic OAM associated with
the optical vortices and extrinsic OAM related to the beam
propagation trajectory [17, 18, 74-76]. Intrinsic OAM was
recognized by Allen et al in the case of a light beam with a
helical phase factor exp(—ily) (e.g. the Laguerre—Gaussian
beam), which carries a well-defined OAM of /A per photon
independent of polarization state [17, 18, 74-76]. Here, [ is a
topological charge (arbitrary integer or semi-integer) and ¢ is
the azimuthal angle in the beam’s cross section. The extrinsic
OAM depends upon the choice of the coordinate origin and
the motion of the centroid of the light beam when propagat-
ing at a distance from the coordinate origin [17, 18, 74-76].
It is defined as the cross-product between the transverse posi-
tion of the beam centroid and its linear momentum, which is
similar to the mechanical angular momentum of a classical
particle.

The spin—orbit interaction of light between SAM and
OAM manifests as a geometric Berry phase and results in a
series of SHESs in optics. In 1984, Michael Berry showed that
cyclic and adiabatic evolution of a quantum state in parameter
space results in a geometric phase [48], now widely known
as the Berry phase, in addition to its dynamical counterpart.
The Berry phase results from the geometrical properties of the
parameter space of the Hamiltonian, which has been general-
ized to non-cyclic and non-adiabatic evolutions [77-79]. Now
it has become a fundamental concept in nearly all branches
of physics. Inspired by the Berry phase in quantum mechan-
ics, its optical analog, i.e. the spin redirection RVB phase in
momentum space and the PB phase in polarization state space,
were rediscovered and intensively investigated in 1980s. The
RVB phase associated with the evolution of the propagation
direction of light, was initially studied by Rytov in 1938 and

Vladimirskii in 1941, and was rediscovered by Chiao and
Wu (who were stimulated by Berry’s 1984 work) in 1986
[80]. The PB phase is relative to the polarization manipula-
tion of light, which was first considered by S. Pancharatnam
in crystal optics in 1956 with regard to the phase shift of a
light beam whose polarization state is made to change [49].
It was revisited by Berry in 1987, and can be regarded as an
optical counterpart of the geometric Berry phase in quantum
mechanics [81].

The geometric Berry phase in optics can be interpreted in
terms of the coupling between SAM and coordinate rotation
[17]. It is very convenient to describe the optical geometric
phase in interfacial reflection/refraction and inhomogeneous
anisotropic media by considering the local coordinate rota-
tion in the global (laboratory) coordinate. For a circularly
polarized plane wave (propagating along the z-direction) car-
rying SAM o0#€,, its electric-field polarization vector can be
written as E7 o & + i0€y and &, (a € {x, y, z}) represents the
unit vectors in the corresponding directions. After experienc-
ing a two-dimensional (2D) coordinate rotation by an angle
( with respect to the z-axis, the resulting light field can be
expressed as E” = E%xp(—io) with the induced geometric
phase term &g = —op expressed as the product of the SAM
and rotation angle.

Further, when a paraxial light beam partially reflects and
refracts at an optical interface, the polarization vectors of the
angular spectrum components (plane waves with slightly dif-
ferent wave-vector directions) of the beam undergo different
rotations to satisfy the transversality of electromagnetic fields
[25-29]. Each angular spectrum component acquires different
spin redirection RVB phases, which form a geometric phase
gradient manifesting as a spin Hall shift of the beam centroids.
In this process, spin—orbit interaction occurs. The SAM in the
normal direction changes upon beam reflection/refraction, so
that it must be compensated by a transverse spin Hall shift
resulting in a nonzero extrinsic OAM owing to the conserva-
tion of total angular momentum in the normal direction. From
the viewpoint of the geometric phase gradient, the real-space
spin Hall shift (Ar) of the beam centroids can be explained
as originating from the k-space RVB phase gradient [17, 62],
i.e. Ar = V®gryp(k) where Oryp(k) is the k-dependent RVB
phase of the light beam. Typically, for a beam reflecting and
refracting at an optical interface, the RVB phase can be writ-
ten as Pryp(ky) = oky0 which is dependent on k,. Here k, is a
transverse wave vector component and ¢ is associated with the
optical parameters of the materials comprising the interface.
This phase can be derived by taking into account a series of
coordinate rotations and the Fresnel coefficients [82]. For a
p-polarized light reflecting at a planar air—glass interface, it
reads 0 o< (1 + ry/rp)cotdi/ko with ¢; being the incident angle
[26-28], kg = 2w/ the wave number in a vacuum () is the
operational wavelength) and ry) the reflection coefficients for
p(s)-polarization. Then we can evaluate the spin Hall shift as
the gradient of ®ryp:

OPrve ey = aééy. )

Ary =V Oryp(ky) =
y
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Thus, Ar, is a constant with magnitude ¢, a tiny value
restricted by a fraction of A\. The SHE of light can be adjusted
by tailoring the optical parameters of the materials that com-
prise the interface [82]. In turn, it can be used to identify the
optical parameters of nanostructures in precision metrology in
terms of the predicted relationship [63-65].

We can now generalize the discussion to the PB phase. The
PB phase is linked to the polarization manipulation of light.
A typical case is that a birefringent wave plate can imprint an
additional geometric PB phase to a light beam even in normal
incidence, with the only dependence being upon the optical
axis orientation of the wave plate [83]. For a circularly polar-
ized incident wave, the transformation process using Jones
matrix representation, neglecting the absorption and loss of
the wave plate, can be written as

[ 1.] — cos % [ali] +isin % [_1 ]exp(i20’a), 2

oi oi

where a denotes the orientation of the optical axis and ) is
the phase retardation of the wave plate. This indicates that
some of the incident photons (sin?t/2) reverse their hand-
edness and can be imprinted by an additional PB phase
20a. The remaining unchanged fraction is (cos?/2). For
a half-wave retardation (¢ = m), the conversion efficiency
is 100%.

If the light beam passes through an inhomogene-
ous birefringent medium with locally varying optical axis
orientations and homogeneous retardation, such as sub-
wavelength polarization gratings, liquid crystal g-plates and
plasmonic metasurfaces, it will acquire a spatially varying
PB phase [53-57]. In this process the conversion of SAM to
intrinsic OAM takes place. The coordinate-related inhomoge-
neous PB phase forms a phase gradient along the medium sur-
face which manifests as a spin Hall momentum offset [60—62]:
0P 0P

T BB )
A typical case of the PB phase in a g-plate, an inhomoge-
neous anisotropic medium with azimuthally varying optical
axis orientation, reads ®pp(x, y) = 20a(x, y) [55, 56], where
alx, ¥y) = qp + ap denotes the local, coordinate-dependent
optical axis orientation of the g-plate. Here, ¢ is an integer
of a half-integer, ¢ is the azimuthal angle and « is a con-
stant defining the initial optical axis orientation for ¢ = 0. The
momentum shift Ak will induce a real-space shift upon beam
propagation which reads [62]

Ak= V Ppp(x,y) =

Arg = &z 4)
ko
with z being the propagation distance.

Up to now, based on geometric phase gradients, we have
presented a unified description of the SHE of light. The
k-space RVB phase gradient causes a spin Hall shift in real
space, whereas the real-space PB phase gradient leads to a
spin Hall shift in the k space.

3. SHE of light induced by the RVB phase

3.1 SHE of light at optical interfaces

Plane-wave reflection and refraction at an optical interface
is a fundamental optical process which can be described by
Snell’s law and the Fresnel formula in a geometrical-optics
picture [84]. The propagation evolution of a finite-width par-
axial beam, which could be taken as a superposition of many
plane waves with slightly different propagation directions,
upon an interface, does not exactly follow the geometrical-
optics prediction. The remarkable derivation indicates two
main beam shifts, i.e. the in-plane Goos—Hinchen shift [85,
86] and the out-of-plane Imbert—Fedorov shift [31, 32, 86],
with respect to the plane of incidence.

The Goos—Hénchen shift results from the spatial disper-
sion of reflection and transmission coefficients of a light beam
and the interference of constituent angular spectrum comp-
onents. The Imbert—Fedorov effect was initially investigated
in total internal reflection, which can be viewed as an exam-
ple of the SHE of light because it shares the same physical
origin in the spin—orbit interaction with the SHE. The optical
Magnus effect observed in smoothly inhomogeneous media,
a photonic version of the mechanical Magnus effect, can also
be regarded as an instance of the SHE of light [33, 34]. After
the pioneering contributions of the Imbert—Fedorov effect and
optical Magnus effect [31-37, 86], Bliokh et al [23, 24] and
Onoda et al [25] in 2004 respectively described the transverse
beam shifts in terms of the geometric Berry phase and conser-
vation of total angular momentum along the normal direction
of the interface between two different media. Bliokh et al con-
sidered the topological spin splitting effect as a photonic ver-
sion of the anomalous Hall effect for electrons, while Onoda
et al called this effect the ‘Hall effect’ of light. A complete
theoretical treatment was given by Bliokh ez al in 2006, who
presented exact expressions for describing the transverse
shifts [26, 27]. In the framework of classical electrodynamics,
the transverse shifts of a Gaussian beam partially reflecting
and refracting at a planar optical interface can be calculated.
This process is governed by the law of conservation of the
normal component of the total angular momentum for light
beams. In 2008, Hosten et al [28] employed quantum weak
measurement technology for the first time to enhance this
weak effect and observed the SHE in an air—glass interface
(see the schematic picture in figure 1(a)). The experimental
results agree with the theoretical prediction of Bliokh et al.
Meanwhile, Bliokh et al have also demonstrated that the spin
Hall shift can be accumulated along a smooth helical trajec-
tory in a cylinder glass and directly observed by measuring the
precession of the Stokes vector without using weak measure-
ment technology (figure 1(b)) [29, 30].

The SHE of light in many other interfaces, such as
anisotropic crystals [87, 88], semiconductors [89, 90],
metals [64, 91], metamaterials/metasurfaces [92-96], multi-
layered dielectric films [45, 82, 97], 2D material films [63,
98] and photon tunneling structures [99, 100], has also been
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Figure 1. Examples of the SHE of light at optical interfaces. (a) Left panel: schematic picture of the SHE of a beam refracting at an
air—glass interface. (From [107]; figure reprinted with permission from the AAAS.) Middle top: linearly polarized incident light beam with
an initial Gaussian profile I(y). Middle bottom: the SHE of light manifesting as a small spin Hall shift 6 which is boosted by a large factor
Ay in a weak measurement procedure [28]. Right panel: measured results for the spin Hall shifts (maximum ~ A\/10) with respect to the
incident angle 6. The inset denotes the shift versus polarization angle v of the incident beam in a fixed incident angle § = 64°. (From [28];
figure reprinted with permission from the AAAS.) (b) Left panel: direct measurement of the SHE of light in a glass cylinder in which the
spin Hall shift accumulates along a helical trajectory. The inset depicts the real picture of the light beam propagating in a helical trajectory.
Right panel: the relative spin Hall shift (A,,) between the two spin components versus the turns of the helix. The dashed and solid curves
are calculated and measured results. (Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [29], Copyright (2008)).
(c) Spin Hall splitting induced by a plasmonic metasurface with a rapidly varying phase discontinuity under normal incidence. Left:
metasurface photo captured by a scanning electron microscope (SEM). The red arrow indicates the dynamical phase gradient. Right:
experimental setup. The inset depicts the transverse spin accumulation with red and blue separately denoting ¢ = 41 and o = —1 photons.
(From [94]; figure reprinted with permission from the AAAS.) (d) Imaging the SHE of light in the air—semiconductor interface. Left:
geometry of the model. Right: spin Hall displacements with a good agreement between the calculated (dashed line) and experimental
results (cross-shaped symbols) for different incident angles of the probe beam. (Reproduced with permission from [89]. © 2009 Optical
Society of America.) (e) [llustration of the spin Hall shift in photon tunneling. A linearly polarized beam transmits across a potential barrier
comprising two glass prisms embedded with a gold film, and transversely separates into two circularly polarized beams. (Reprinted by
permission from Macmillan Publishers Ltd: Nature Scientific Reports [100], Copyright (2014)). HWP, QWP, P and LCVR denote half-
wave plate, quarter-wave plate, polarizer and liquid-crystal variable retardation.
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intensively investigated. Qin et al have reported the SHE in an
air—uniaxial crystal interface and found that the spin Hall
shift can be modulated by the direction of the crystal optical
axis and the incident angle [87]. By considering the interplay
between the spin—orbit interaction and the Goos—Hénchen
effect, an in-plane spin separation, which is distinct from the
Goos—Hinchen shift and the spin Hall shift, has also been
observed in an air-glass interface [101-103]. An inhomo-
geneous plasmonic metasurface with rapidly varying phase
discontinuity has been fabricated to deflect a light beam at
normal incidence in which a spin Hall shift was observed by
Yin et al (figure 1(c)) [94]. Appropriate arrangement of the
unit cells with different geometries creates a dynamical phase
gradient along the surface of the medium (not a geometric PB
phase gradient because the local optical axis direction does
not change), and deflects the light beam even at normal inci-
dence. Hence, the observed spin Hall shift occurs in the beam
refraction at the air-metasurface interface akin to the SHE in
the air—glass interface [28], which essentially originates from
the spin redirection RVB phase. Ménard et al have demon-
strated a general optical pump—probe technology to image the
SHE of light in the interface between air and an absorbing
semiconductor (GaAs), as depicted in figure 1(d) [89, 90]. The
spatial splitting of the spin photons couples to different spins
of electrons in the GaAs owing to the transfer of SAM from
photons to electrons. This feature can be used to detect the
carrier density of the spin electrons by measuring the SHE
of light, which bridges the gap between condensed matter
physics and the SHE of light. Luo’s group has investigated
the SHE in multi-layered nanostructures, metallic films, few-
layer graphene and photon tunneling structures [43, 45, 63,
64, 82, 98-100]. They have shown that the spin Hall shift is
very sensitive to the optical properties of the interface; hence
the shift can be modulated by engineering the interface with
appropriate optical parameters, including enhancing or sup-
pressing the SHE or reversing the direction of spin accumula-
tion [43, 82]. In turn, the SHE can be used as an advantageous
metrological tool for determining the thickness of metallic
and magnetic nano-films, and even atomically thin 2D mat-
erials [63, 64, 98]. Photon tunneling is generally regarded as a
2D process, in other words, it only takes place in the incident
plane. Investigation of the SHE in photon tunneling structures
by Luo et al has clarified the three-dimensional nature of the
photon tunneling (figure 1(e)) [99, 100]. As shown by Ren
et al [104] and Qiu et al [65], the SHE of light at the interface
between air and magnetic films is significantly different from
that at air—glass interfaces due to the complex refractive index
of magnetic films. Thus, the SHE can be used as a precise and
sensitive tool for determining the magnetic-optical constant of
magnetic films, which has great potential in magnetic physics.

The above-mentioned SHEs occur for paraxial light beams,
depending upon the local wave vector variation in the spatial
beam spectrum. They show spin Hall shifts on a subwave-
length scale induced by the weak spin—orbit interactions and
the RVB phase gradient. In nonparaxial cases, such as in high-
numerical-aperture focusing and small-particle scattering, the
local wave vector changes more significantly. This indicates
the occurrence of enhanced spin—orbit interactions and SHEs

[38—42]. In addition, near the Brewster angle in the beam
reflection in air—glass interfaces, the spin Hall shifts show
abnormal behaviors. They can reach several wavelengths,
which is dozens of times larger than the previously reported
SHEs [43-46].

In general, the spatial shift induced by the RVB phase is
sometimes accompanied by a transverse angular shift where
the axis of the reflected or refracted beam makes a tiny trans-
verse angular deviation from the beam propagation axis
defined by Snell’s law and the Fresnel formula [27, 86, 105,
106]. The angular shift is inversely proportional to the beam
waist and increases with the propagation distance of the light
beam, which is a diffraction phenomenon of beam propaga-
tion [27]. It is also a momentum shift, yet totally different
from that induced by the PB phase gradient.

The above discussions relating to the transverse shift
dealt with polarized light beams with a fundamental-mode
Gaussian type. In fact, vortex beams carrying intrinsic OAM
[74], for example Laguerre—Gaussian mode beams, have also
been considered. In 2001, Fedoseyev theoretically predicted a
vortex-induced transverse shift of the centroid of a Laguerre—
Gaussian beam in the reflection and refraction at an optical
interface [108]. Then the theoretical treatment was extended
to a unified form to describe both the longitudinal and trans-
verse shifts of the vortex beam [109-113]. The underlying
physics is attributed to the interaction between the intrinsic
OAM and extrinsic OAM, that is, the orbit—orbit interaction.
In the interfacial reflection and refraction, the intrinsic OAM
component in the normal direction changes, and this must
be compensated by the extrinsic OAM, i.e. manifesting in a
transverse beam shift. It has been demonstrated that the vor-
tex beam shift is accompanied by huge transverse deformation
of the beam profiles [110, 114, 115]. Similar to the SHE of
light, this effect can be referred to as the OAM Hall effect.
Experimental observation of this orbital-dependent transverse
shift has also been made [112, 116, 117].

3.2. Weak measurements of the SHE of light

Generally, the spin Hall shift occurring at an optical interface
is just a few tens of nanometers. The measurement of such a
tiny shift is in general challenging since it cannot be directly
discriminated with a position sensor or a CCD camera. In
2008, Hosten and Kwiat first employed the quantum weak
measurement method to observe the SHE of a light beam
refracted at an air—glass interface (as depicted in figure 2(a))
[28]. The experimental results verify the theoretical predic-
tions of Bliokh er al [26, 27]. This signal enhancement tech-
nique was initially developed by Aharonov et al [118] for
quantum measurement, and has attracted a lot of attention
[119-124]. The quantum weak measurement does not signifi-
cantly perturb the system in the measurement process, and in
this way is unlike traditional projective quantum measurement
that strongly perturbs the system being measured [118-124].
Application of the weak measurement technique in the context
of optical implementation has increased rapidly in the years
since the pioneering work of Hosten and Kwiat. It has been
employed to successfully measure nanoscale optical beam
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Figure 2. Experimental process of weak measurements for detecting the SHE of light. (a) The He—Ne laser source outputs a linearly
polarized beam at 633 nm wavelength. A half-wave plate (HWP) is employed to adjust the beam intensity. Two Glan laser polarizers (P1
and P2) pre-select and post-select the states, respectively. The variable angle prism (VAP) refracts the light beam where the spin Hall shift
is produced. (From [28]; figure reprinted with permission from the AAAS.) The focal distances of lenses L1 and L2 are 25 and 125 mm,
respectively. (b) The system is pre-selected by P1 in state |1/)1>. The weak coupling connects the meter with the eigenstates of the measured
observable. The system is post-selected in state |1/J2> by P2. An interference effect appears in the meter in which the final shift will be
amplified A, times. 6. denotes the spin Hall shift for right- and left-handed polarizations. PS, position sensor.

shifts, including the spin Hall shift [28, 43, 44, 63-65, 87, 88,
100-104, 125] and the Goos—Hénchen shift [126, 127].

There are three steps in weak measurements of the SHE of
light: pre-selection, weak coupling and post-selection (figure
2(b)). The process of weak measurements for detecting the
SHE of light can be described as follows. First, the light
beam passes through the first polarizer (P1) being selected as
a well-defined pre-selection state. Then, the SHE occurs at
the air—glass interface as a weak coupling between the meter
and the observable. Finally, another polarizer (P2) is used to
post-select the system and obtain the distinguished eigen-
values. Using weak measurements, the SHE of light can be
detected with the desired accuracy. Due to the relative trans-
mission direction of the two polarizers, the shift of the post-
selected beam can be enhanced significantly for several orders
of magnitude. In the experiments, the resolution of displace-
ment reaches ~1 A. In fact, recent research has shown that the
maximum weak value and pointer shift could be acquired with
an optimal superposition of pre-selection and post-selection
states, which offers a possible way to improve the accuracy of
weak measurements [128—131].

In fact, the beam shifts can be understood as a classical
analogue of quantum weak measurements [132-134]. The

measured beam shifts in weak measurement experiments
denote the product of the actual spin Hall shifts and a complex
quantum weak value of the photon spin. In this way, the real
and imaginary parts of the weak value correspond to the real
spatial shift and angular shift of the beam, respectively.

3.3. The geometric SHE of light

The geometric SHE of light was proposed by Aiello et al
in 2009 [135]. The observation of the spin Hall shift in the
geometric SHE does not depend upon light-matter interac-
tion; however, it could be observed in an oblique plane with
respect to the propagation direction even when a light beam
propagates in free space [136, 137]. The geometric SHE is
only determined by the geometry of the beam—detector sys-
tem, hence its name. It can be viewed as a consequence of
an effective spin—orbit interaction that generates an effective
transverse SAM in the oblique observation plane.

The underlying principle can also be interpreted in terms
of an effective geometric phase. Projecting a light beam onto
a tilted observation plane, the constituent angular spectrum
components acquire different effective polarization ‘rotations’
in k space. This results in the generation of an effective and
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locally varying RVB phase, and thus the geometric SHE. When
observed in the plane perpendicular to the propagation axis,
the effective ‘rotations’ vanish and no spin-dependent shift
can be detected. Until now the geometric SHE has been inves-
tigated for collimated paraxial beams, polarizing interfaces,
OAM-carrying light beams, tightly focused spin-segmented
beams and polarization-tailored synthetic beams [135-141]. It
is worth noting that the geometric SHE can also be explained
in terms of the relativistic Hall effect for relativistic objects
which occurs in free space [142—-144]. In this manner, the dis-
tribution of energy flow through the tilted observation plane
differs from that through the cross section of beam propaga-
tion, which manifests as a spin Hall centroid shift.

Unlike the SHE, which occurs at optical interfaces, the geo-
metric SHE intrinsically depends upon the polarization distri-
bution of the beam projected onto a tilted detector instead of
any type of light-matter interaction. Similar to the SHE taking
place in the reflection and refraction of light at an interface,
the geometric spin Hall shift is also extremely weak.

4. SHE of light induced by the PB phase

4.1. SHE of light in structured anisotropic media

The PB phase was first discovered by Pancharatnam in 1956
in optics, and revisited and generalized to other physics by
Berry in 1984 [48-52]. Now it is a fundamental concept in
physics. In optics, it is relative to the manipulation of the
polarization state of light. When a light beam propagates
through a birefringent wave plate, it can acquire a PB phase
relying only on the orientation of the optical axis in addition
to the dynamical phase originating from the optical path dif-
ference [83]. Provided the wave plate exhibits a space-variant
optical axis orientation, it can imprint the light beam with a
spatially varying PB phase which forms a PB phase gradi-
ent [53-62]. A subwavelength dielectric grating has been fab-
ricated in the infrared range to structure an inhomogeneous
anisotropic medium with constant retardation and gradually
varying effective optical axis orientation [58]. It can behave
as a PB phase element and be employed to generate inhomo-
geneously polarized beams or function as a polarization beam
splitter or an optical switch. A liquid-crystal g-plate is another
kind of PB phase element which can operate in the visible
range [55, 56]. It is made of nematic liquid-crystal molecules,
whose local optical axes are made to vary in the azimuthal
direction by controlling the external electric field. The g-plate
can be employed to modulate the intrinsic OAM of light and
functions as a generator of vortex and vector beams.

The PB phase gradient is spin-dependent in nature and may
result in a spin Hall momentum shift. In 2011, Shitrit et al
observed a one-dimensional (1D) spin Hall momentum shift
in periodic plasmonic chains (period a) comprising a string
of plasmonic nano-apertures (see figure 3(a)) [60]. They actu-
ally form an effective inhomogeneous anisotropic medium in
one direction (the x direction). A light beam passing through
a medium with spatially inhomogeneous anisotropy exhibits
a tight analogy with scattering of a temporally rotating wave
plate [52]. Hence the spatial evolution of the locally varying,

effective optical axes of the plasmonic nano-apertures resem-
bles the temporal evolution of a revolving anisotropic medium.
Because of the gradually varying direction of the local optical
axes, a circularly polarized light beam (oj, = £1) reverses its
handedness (o, = F1) after passing through this nanostructure
and acquires a locally varying PB phase which forms a gradi-
ent, and thus brings about a spin-dependent momentum shift of
Ak, = 200y7/a. In this process the SAM of light partially con-
verts into intrinsic OAM [53-57]. The amount of conversion
is determined by the retardation of the medium. The spin Hall
momentum splitting can be directly detected by measuring the
Stokes parameter S3 with the combined use of a quarter-wave
plate, a linear polarizer and a CCD camera [60], because the
S5 parameter can be used to characterize the degree of circular
polarization of light and the spin accumulation of photons [84].

Recently, the observation of spin Hall momentum shifts
in inhomogeneous 1D or 2D metamaterials/metasurfaces has
also been reported [62, 145—151]. Metamaterials and metasur-
faces are human-made materials which are engineered to gen-
erate almost any conceivable electromagnetic properties, even
including those undiscovered in nature [152—157]. They have
shown considerable potential in manipulation of SAM, OAM
and the SHE of light, thereby offering convenient opportuni-
ties for the development of spin-controllable photonics and
photonic spin Hall devices.

It is expected that the two spin components will focus and
defocus, respectively, provided that the PB phase gradient is
in the radial direction [59, 158-160]. This indicates that the
spin Hall momentum shift will occur in the radial direction.
Bhandari theoretically proposed achievement of a geometric
phase lens using an inhomogeneous wave plate with a radi-
ally varying optical axis direction [158]. Hasman et al have
experimentally shown the formation of a quantized PB phase
optical element using a computer-generated locally varying
subwavelength grating fabricated on a dielectric base under
infrared radiation [59]. This PB phase element can realize
a spin-dependent focusing lens that focuses one spin comp-
onent and defocuses the other, enabling approaches for spin-
controlled optical elements.

If the local optical axes vary in the azimuth direction, the
PB phase gradient is also in this direction, which results in an
azimuthal SHE of light with rotational symmetry. Making a
light beam pass through such a medium at normal incidence,
one can find that the resultant beam has a hybrid polarization
distribution in the transverse plane. Under the condition of
incomplete conversion of SAM to intrinsic OAM, the spin-
dependent splitting and spin accumulation of photons may
be detected by measuring the Stokes parameter S; of the
resultant beam, which manifests as rotational symmetry with
alternative right- and left-handed spin photon accumulations
[161-164]. For complete conversion, the medium can serve
as a vortex beam generator or vector beam generator, depend-
ing upon the polarization of the incident beam [53-57].

4.2. SHE of light in symmetry breaking

In solids, under broken inversion symmetry, the spin—
orbit interaction of relativistic electrons results in
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Figure 3. Examples of the SHE induced by the PB phase. (a) Spin Hall momentum offset in a plasmonic chain. Top: SEM photo of a
plasmonic chain. Local orientation of the nano-aperture changes slightly along the x direction with a spatial rotation period of a. Bottom:
the spin Hall momentum offset. (Reprinted with permission from [60]. Copyright (2011) American Chemical Society.) (b) Observation

of the spin-polarized momentum shift in a spinoptical metasurface by measuring the intensity dispersion of the thermal radiation.

QWP, quarter-wave plate; P, polarizer. (From [61]; figure reprinted with permission from the AAAS.) (c) Controllable spin-direction
coupling between light and surface plasmonic polaritons in an inversion asymmetric plasmonic metasurface. Left: SEM image of a
structure fabricated in a gold film for operation at 633 nm wavelength. Top right: schematic illustration of the spin Hall shift of surface
plasmonic polaritons. Bottom right: near-field scanning optical microscopy of the structure under linearly polarized radiation. (From

[71]; figure reprinted with permission from the AAAS.) (d) Spin Hall momentum shift of surface plasmonic waves. Top: scheme of the
experiment. Bottom right and left: the simulated and experimental results of the spin Hall splitting of the surface plasmons illuminated by
a linearly polarized beam. (Reprinted figure with permission from [52], Copyright (2008) by the American Physical Society.) (e) SHE of
cylindrical vector beam with rotational symmetry broken. Left: schematic illustration of vector beam blocking by a fan-shaped aperture.
Right: experimental results of the spin Hall splitting of the vector beams with different polarization geometries (topological charge m = —1,
—2 and —3). Here, three-quarters of the vector beam is obstructed by the aperture. (Figure reprinted with permission from [41]. Copyright
2014, AIP Publishing LLC.)
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momentum-dependent Rashba spin splitting, where the spin-
degeneracy of the energy dispersion of an electronic state is
removed [165]. In valleytronics, inversion symmetry breaking
can give rise to a valley-dependent transverse shift of carri-
ers in momentum space, manifesting as the valley Hall effect
[11-13]. Similar Rashba spin splitting has also been observed
in thermal emission emitted from a spatially varying antenna
lattice with inversion asymmetry [166, 167]. The photonic
version of spin-dependent momentum splitting in inversion
symmetry breaking associated with the geometric PB phase
was recently presented in spinoptical metasurfaces [61, 168,
169]. In 2013, Shitrit et al demonstrated a spin-controlled
optical mode of spinoptical metasurfaces arising from spatial
inversion symmetry breaking (figure 3(b)) [61]. The inversion
asymmetric metasurface is obtained by standard photolitho-
graphic technology via etching an anisotropic optical antenna
array on a SiC substrate whose orientation angle is space-
variant. It is very similar to the role of the potential gradient
played in the electronic Rashba effect and produces a spin-
split dispersion of photons, manifesting as a spin Hall momen-
tum offset. Hence, the design of the spinoptical metasurface
with appropriate symmetry properties offers a promising route
for spin-based nanophotonic applications. As reported by Lin
et al, an inversion-symmetry broken plasmonic metasurface
can be used to modulate the direction of the spin-controlled
surface plasmons (figure 3(c)) [71]. The different spin states
of the incident beam couple to opposite directions of the sur-
face plasmons, enabling realization of a spin-dependent plas-
monic coupler.

The spin—orbit interaction in rotational symmetry breaking
can also result in spin-dependent momentum splitting. In 2008,
the Hasman group showed a spin-based plasmonic effect in
plasmonic nanostructures (figure 3(d)) [52, 70, 170]. In annular
subwavelength metallic gratings, a PB phase-based plasmonic
vortex can be generated, the handedness of which relies on the
polarization state of the incident beam. Being an overlap of
the right- and left-handed circular modes, a linearly polarized
incident beam brings about a spin Hall splitting of the surface
plasmons in a semi-annular grating, i.e. the SHE of surface
plasmons. The semi-annular grating can be regarded as a case
of breaking the rotational symmetry of the annular grating.

The SHE of light in g-plate-like metamaterials or metasur-
faces with broken rotational symmetry has been investigated
theoretically and experimentally by Kang ef al and Liu et al
independently [171, 172]. Two ways were suggested to break
the rotational symmetry of the azimuthal-gradient materials.
The first is to scrub a sector of the g-plate-like structure and
hold the remainder. The second is to displace the incident
beam from the center of rotation of the structure. The meta-
structure used in the work of Liu et al is all-dielectric, and may
therefore exhibit relatively higher transmission efficiency and
lower loss. It is worth noting that 1D inhomogeneous aniso-
tropic structures can be viewed as a result of unfolding the
2D g-plate-like geometry from polar to Cartesian coordinates
[60, 62, 145-151, 168]. It is also a type of rotational symmetry
breaking.

Owing to the close relationship between the SHE and
manipulation of the polarization of light, breaking the rota-
tional symmetry of a linearly polarized vector beam (see [173]

10

for a review of vector beam) can lead to observation of a spin
Hall shift in the azimuthal direction (figure 3(e)) [41, 174,
175]. The vector beam can be viewed as the overlap of two
circularly polarized beams with exactly opposite handedness
and opposite helical phases [176, 177]. Obstructing part of
the vector beam by a sector aperture breaks the beam’s rota-
tional symmetry, and enables observation of the spin accumu-
lation of photons at the beam edge. The two spin components
of the vector beam carry spin-dependent vortex phases which
are very similar to the geometric PB phases produced by the
g-plate-like media. Under broken rotational symmetry, the
opposite azimuthal energy flows of the two components are no
longer continuous [178—181] and thus result in the azimuthal
spin Hall shift.

5. Applications of the SHE of light

Research into the SHE of light has led to a range of appli-
cations. One of most interesting applications is in precision
metrology. Remarkably, the spin Hall shift in the SHE is sensi-
tive to variations in optical parameters (e.g. refractive indices
and thickness). A quantitative relationship between the spin
Hall shift and the optical parameters should first be established.
After measuring the spin-dependent shifts with weak measure-
ment technology, the physical parameters can be determined
with the desirable accuracy. Recently, much progress has been
made in this field. The SHE of light was first employed to mea-
sure the thickness of metallic nano-films [64]. Similarly, the
magneto-optical constant of magnetic films can be determined
by measuring the amplified shifts in the SHE of light [65]. It
has been demonstrated that the SHE of light can serve as a
useful metrological tool for characterizing the layer numbers
of 2D materials such as graphene (see [182] for a review of
graphene), due to their sensitive dependence on spin Hall shifts
[63]. There have already been some methods to determine the
layer numbers in a graphene film, but they have limitations
[183, 184]. The experimental setup for detecting the spin Hall
shift of light reflected at the graphene sample is depicted in
figure 4(a). First, using the refractive index data for graphene,
the number of layers in a graphene sample can be quickly iden-
tified by comparing the experimental results with the theor-
etical ones (figure 4(a), top right), without any disturbance to
the sample. In this case the actual number of layers in graphene
can be identified as three because the experimental data agree
well with theory for three-layered graphene. As a comparison,
Raman spectroscopy of the sample verifies the number of lay-
ers as three (figure 4(a), bottom right).

The successful alliance of the SHE of light with plas-
monic nanostructures or metamaterials/metasurfaces opens
an exciting pathway for developing plasmonic/photonic spin
Hall devices, and is leading to a new research field of optics,
namely spinoptics [29, 60-62, 70, 168-170, 185, 186].
Gorodetski et al have shown a spin-dependent plasmonic lens
based on a semi-annular metallic grating [70]. When a right-
or left-handed circularly polarized beam impinges onto the
grating, the launched surface plasmons imprinted by differ-
ent geometric phases focus on different positions depending
on the handedness of the circular polarization. If a linearly
polarized light beam illuminates the structure, the surface
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Figure 4. Examples of applications of the SHE of light. (a) Identifying the layers of graphene via weak measurement of the spin Hall
shift. Left: experimental apparatus for weak measurement of the reflected light of a few-layer graphene sample located on a glass base.
HWP, half-wave plate; Pj(») and L;(,) denote polarizers and lenses, respectively; CCD, charge-coupled device. The laser outputs a linearly
polarized beam. The inset characterizes the pre-selection and post-selection with the two polarizers, separately. Top right: calculated and
experimentally measured spin-Hall shift of the graphene sample as functions of the incident angle 6 with layer numbers varying from
one to five. Data 1, 2, and 3 separately indicate the results measured from three different positions of the sample. Bottom right: Raman
spectroscopy of the graphene sample. (Reprinted with permission from [63]. Copyright 2012, AIP Publishing LLC.) (b) The PB phase-
based plasmonic lens. Top left and bottom left: near-field scanning optical microscope images of the semi-annular plasmonic grating for
left- and right-handed radiation, separately. Middle: transverse intensity profiles in the focal plane of the plasmonic lens. Top right: the
intensity distribution detected by a near-field scanning optical microscope for linear polarization illumination. Bottom right: SEM of the
plasmonic lens. (Reprinted figure with permission from [70], Copyright (2008) by the American Physical Society.)

plasmons manifest as two independent intensity patterns (see circuits. Compared with the plasmonic metasurfaces, all-
figures 3(d) and 4(b)). In this case, the grating can function as  dielectric metasurfaces exhibit a higher transmission efficiency,
a spin-dependent surface plasmon splitter. An inversion asym- enabling realization of high-quality transmission-type optical
metric plasmonic metasurface has also been demonstrated devices [156]. A spin-dependent lens has been realized by inte-
which has the potential to be developed into a spin-dependent ~ grating a PB phase lens into a conventional plano-convex lens
plasmonic coupler (figure 3(c)) [71]. Using this structure, the [187]. The integrated lens was fabricated by intense laser writ-
spin information or the spin-encoded photon qubits can be ing of self-assembled nano-gratings (acting as a PB phase lens)
encoded into the surface plasmonic polaritons. Because of the inside a plano-convex lens. By employing both the PB phase
flexible adjustability of the plasmonic grating and metasur- and a dynamical phase (produced by the plano-convex lens per
face, there is considerable potential for numerous spin-based se) to control the wave front, it can focus right- and left-handed
photonics and plasmonic devices and future on-chip photonic  light into two different focal points, respectively.

1
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6. Conclusions and prospects

We have presented a brief review on recent advances in the
SHE of light. The underlying physics of the SHE comes from
the spin—orbit interaction of light, which can also be explained
in terms of the RVB and PB geometric phases [17, 23-29, 52,
62]. The RVB phase is related to variation of the direction of
propagation of light. Typically, when a plane wave reflects
and refracts at an optical interface, its polarization vector
experiences a rotation, i.e. it acquires a geometric RVB phase
in addition to the dynamical phase. Hence, if the plane wave
is substituted by a finite-sized beam that comprises many
plane waves with slightly different propagation directions,
the light beam will obtain an inhomogeneous RVB phase that
forms an RVB phase gradient in momentum space. This gra-
dient manifests as a spin Hall shift in real space. On the other
hand, the PB phase is associated with manipulation of the
polarization of light. If a beam transmits through a birefrin-
gent wave plate at normal incidence it acquires a PB geomet-
ric phase in addition to the dynamical phase. Supposing that
the wave plate exhibits spatially varying optical axis direc-
tions (with uniform retardation), then the light beam obtains
space-variant PB phases that construct a PB phase gradient in
real space resulting in a spin Hall momentum shift.

The spin Hall shift induced by the RVB phase is generally
very small (subwavelength scale); however, it can be observed
by an indirect method, namely weak measurement technol-
ogy. This shift is very sensitive to the physical properties
(refractive index, thickness, etc) of the media comprising the
interface; hence, conversely, the SHE offers a possible avenue
to measure or determine the optical parameters of nanostruc-
tures such as metallic films, 2D material films and magnetic
films [63-65, 98]. In this sense, the SHE of light can be devel-
oped into a sensitive and precise tool for studying the physical
properties of nanoscale structures.

The spin Hall shift induced by the PB phase occurs in
momentum space and increases with propagation distance,
so the shift can be directly detected by measuring the Stokes
parameter S3 since it can describe the spin accumulations of
photons. The PB phase and the induced SHE can be modu-
lated by designing a metamaterial/metasurface or a plasmonic
nano-structure with appropriate structural geometry, enabling
the spin states of the photon to be controlled, and paving the
way to planar integrated photonic/plasmonic spin Hall comp-
onents [58-62, 70, 71, 170, 185-187].

It is worth mentioning that a new type of SHE for evanes-
cent and surface modes of light, named the quantum SHE of
light, has been proposed recently [16]. It has a purely classical
origin, and is formally akin to the quantum SHE for electrons
in topological insulators. This effect is based on the fact that
evanescent and surface waves exhibit extraordinary transverse
SAM directed along the direction orthogonal to the propaga-
tion axis [18, 188—191] compared with the longitudinal SAM
of propagation waves. The transverse SAM can be seen as a
manifestation of the spin—orbit interaction of light; however, it
has nothing to do with the geometric Berry phase and results
directly from the transversality condition of electromagnetic
waves [18, 188, 189]. Importantly, owing to the transversal-
ity condition, the direction of the transverse SAM is locked
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with the propagation direction of the evanescent wave, i.e.
oppositely propagating waves carry exactly opposite trans-
verse SAM. Very recently, the transverse SAM and transverse
spin-dependent optical force have been directly measured
using a nano-cantilever immersed in an evanescent optical
field created by the total internal reflection of a glass surface
[192]. Until now, this spin-direction locking characteristic has
been discussed in various systems that support evanescent-tail
modes, such as metal nanostructures [193, 194], nano-fibers
[195, 196], semiconductor nanowires [197] and various wave-
guides [198-201], which could potentially be applied in spin-
controlled plasmonic devices and quantum-optical devices.

In the future, the development of the SHE of light and the
evolution of the corresponding spin Hall devices will be con-
tinuously pushed forward. Existing research is mainly focused
on exploring the SHE of light in different physical systems.
More attention should now be paid to designing or engineering
a controllable spin Hall shift by tailoring the structure geom-
etry of artificial materials (e.g. metamaterials/metasurfaces and
subwavelength nanostructures) for the approaching spin-based
photonic/plasmonic applications. Similar to the SHE of light,
the OAM Hall effect, making use of the orbital degree of free-
dom of photons, will lead to the realization of orbit-dependent
photonic Hall devices [109, 110]. The pioneering research
into the SHE of light in semiconductors has opened a possible
avenue to investigate semiconductors using the SHE of light,
which establishes a link between semiconductor spintronics
and spinoptics [89, 90]. As the SHEs in optics, spintronics, val-
leytronics, condensed matter physics and high-energy physics
share the same physics of spin—orbit interaction in their respec-
tive contexts [29, 67, 68], the exploration of the SHE in optics
may provide not only a new degree of freedom for controlling
photons, thereby further pushing forward the development of
photonic spin Hall devices, but also a direct analogy for the
SHE in those systems. The results observed for the SHE of
light could be generalized to those systems where observation
of the SHE is challenging. More interestingly, recent progress
made in valleytronics has suggested that valley polarization
can be controlled by the SAM of photons, which bridges the
gap between photon spin and valleytronics [202, 203].
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