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Radial spin Hall effect of light
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We propose and realize a radial spin Hall effect (SHE) of light by using a dielectric metasurface. The
metasurface with radially varying optical axes introduces a Pancharatnam–Berry (PB) geometrical phase to the
incident light. The spatial gradient of PB phase accounts for a shift in the momentum space and thus leads
the light to split radially into two concentric rays with opposite spin in the position space, which is called a
radial SHE. Further experiments verify that the magnitude of the splitting increases with the rotation rate of the
optical-axis orientation and the propagation distance, thereby allowing for macroscopic observation of the SHE.
We also find that the phase of the incident light influences the profiles of the two split rays, while the polarization
determines their intensities. The results provide methods to tune the SHE of light by engineering metasurfaces
and modulating the incident light, and this radial SHE may be extrapolated to other physical systems.

DOI: 10.1103/PhysRevA.93.013839

I. INTRODUCTION

In the past few years the spin Hall effect (SHE) of
light was intensively studied owing to the universality of
the underlying physics and potential applications in di-
verse physical systems [1–12]. The SHE manifests itself as
the spin-dependent transverse shift of the photon trajectory
due to the spin-orbit interaction (SOI) of light [13–15], while
warranting the conservation of angular momentum [16,17]. It
also means the spin-dependent splitting (SDS) of a ray of
mixed polarizations into two circularly polarized rays [4].
Analogous to the electrical SHE, the demonstration of pho-
tonic SHE [3,4] has great scientific value and offers wide-
ranging opportunities for new physics and unique applications.
Based on the SHE a new area of research, spinoptics,
promises to be developed [4,14]. The SHE has thus far been
applied to probing nanodisplacement [18] and characterizing
nanostructures [19,20].

In the previously reported SHE, a common feature is that
the SDS is lateral with two split rays lying on opposite
sides of the otherwise beam centroid [5,14,15]. Here, we
report a unique SHE with a radial SDS that brings about
two concentric rays by a dielectric metasurface in the visible
regime. As a two-dimensional (2D) subwavelength structure,
the metasurface allows for accurate control of the phase and
polarization of the wave [21,22]. It has been used to control
reflection and refraction [23], to manipulate the spin or orbital
angular momentum of photons [23–25], and to enhance the
SHE of light [7,9,26–28]. Such an unprecedented degree of
freedom in controlling SOI naturally inspires us to search for
new SDSs or SHEs.

In particular, we implement a radial SDS by an inhomoge-
neous anisotropic metasurface that has a periodically varying
optical-axis distribution. Such a metasurface is fabricated via
femtosecond-laser writing of spatially varying nanogrooves
in a fused silica sample [29,30]. Through the metasurface
the polarization of light will be changed, thereby imparting
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a Pancharatnam–Berry (PB) geometrical phase onto the
light [31–34]. The gradient of PB phase accounts for a shift
in momentum space [5,7,35] and then induces a radial SDS
in position space. This is in contrast with the conventional
SHE [5,15] including the azimuthal SHE [14,36] and the
geometric SHE [6,11]. We call this effect a radial SHE.

Different from the previous SHE where the intensity of the
light beam does not split [37–40], the present SHE manifests
itself as the simultaneous SDSs of spin and intensity due to
the asymmetrical distribution of metasurface elements [26,28].
Moreover, the SHE is tunable: its magnitude can be changed
by tailoring the optical-axis orientation in the metasurface; the
position and the intensity of the resulting ray can be changed
by modulating the phase and polarization of the incident light,
respectively. The results are further validated by experiments.
Our results add another member to the SHE of light and
provide flexible and efficient ways to generate and control
radial-variant vector fields. Such a radial SHE may be extended
to other physical systems.

II. THEORETICAL FORMULATION

The SOI of light [13] describes the transverse nature of
waves, which indicates the mutual interplay of polarization
(spin) and trajectory (orbital angular momentum) of light.
According to the SOI, the SHE of light can be classified
into two types [7,14]: (i) The first type results from the
change of the trajectory of light in inhomogeneous but locally
isotropic media or at optical interfaces [1–4]. (ii) The second
type originates from the change of polarization of light in
an inhomogeneous anisotropic medium [5,7,9]. The first type
of SHE is often rather tiny because the SOI in ordinary
optical media is weak [15]. The resultant SDS is typically
on the subwavelength scales and its detection has to resort
to a coherent enhancement technique based on quantum
weak measurements [3]. In contrast, the second SHE can be
manipulated to obtain giant SDS [5,7,9]. Therein the SOI can
be enhanced considerably by properly designed structures,
such as subwavelength gratings [33,34], liquid crystal q

plates [41], plasmonic chains [7], and dielectric [29,30] or
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plasmonic [27,37,38] metasurfaces. In the present work, we
follow the mechanism of the second type of SHE to realize
a macroscopic SDS in the visible regime by a dielectric
metasurface.

Let us first consider a half-wave plate (HWP) that possesses
an inhomogeneous distribution of the optical axis. The optical-
axis orientation forms an angle against the radial direction r̂:

α = �r + α0. (1)

Here, � = π/d is the rotation rate of the optical axis with d

being the period, r is the radial coordinate, and α0 specifies
the orientation at r = 0. In Eq. (1) we assume α to be linearly
dependent on r for simplicity.

The SOI and SHE of light were first introduced by using the
so-called Berry connection and Berry curvature as in the SHE
of electrons [1,4]. But now they are more usually described
by wave optics which leads to intuitive understanding and
simple calculations [2,7,13]. Here we follow the latter method
and adopt a Jones formalism to analyze the SOI induced by
the inhomogeneous anisotropic medium [34,39]. The Jones
matrix M of the HWP can be written as [14,41]

M =
(

cos 2α sin 2α

sin 2α − cos 2α

)
. (2)

Without loss of generality, a homogeneous elliptically po-
larized light is considered to impinge on the slab at normal
incidence. It can be geometrically represented by a point on the
Poincaré sphere [Fig. 1(a)] [42,43] and algebraically described
in terms of the polar angle θ and the azimuth angle ϕ on the
sphere [44,45]:

|Ein〉 = cos

(
θ

2

)
e−i

ϕ

2 |R〉 + sin

(
θ

2

)
ei

ϕ

2 |L〉, (3)

where |R〉 = (x̂ + iŷ)/
√

2 and |L〉 = (x̂ − iŷ)/
√

2 represent
the right- and left-circular-polarization states, respectively.

(b)

(c)

(a)

FIG. 1. (a) Poincaré sphere. Equi-latitude states on the Poincaré
sphere constitute five types of space-variant polarization distributions
in the radial direction for the CV beams discussed in the present
work. The five consist of linear, right (left) elliptical, and right
(left) circular-polarization states on the equator B, the circle A (C),
and the north (south) pole N (S), respectively. Panels (b) and (c)
show schematic pictures of two typical radial-variant polarizations,
respectively composed of polarization states on B and A in panel (a).

Through the HWP the resulting light is

|Eout〉 = cos

(
θ

2

)
ei(2α− ϕ

2 )|L〉 + sin

(
θ

2

)
e−i(2α− ϕ

2 )|R〉. (4)

For spatially varying α, such a superposition of orthogonal
circular-polarization components forms a radial-variant po-
larization beam with cylindrical symmetry [Fig. 1(c)], i.e.,
a cylindrical vector (CV) beam [46–48]. A simple case is
that, if the incident light is linearly polarized (θ = π/2),
|Ein〉 = [cos ϕ

2 , sin ϕ

2 ], the emerging light has a radial-variant
linear polarization [47]

|Eout〉 =
[

cos
(
2α − ϕ

2

)
sin

(
2α − ϕ

2

)
]
, (5)

as shown in Fig. 1(b).
A comparison of Eq. (4) with Eq. (3) shows that the incident

|R〉 transforms into the output |L〉 carrying an additional phase

�PB = 2σα, (6)

and vice versa. Here, σ = ±1 represent the spin of |R〉 and
|L〉, respectively. This phase is just the PB phase [33,34,41].
It depends on location for Eq. (1) and its gradient amounts to
a spin-dependent momentum deviation [5,7]

	k = −∇�PB. (7)

This shift will deflect the wave vector by an angle 	k/k0 where
k0 is the wave number in free space [14,49]. Consequently
the wavefront is modified and the wave centroid undergoes a
spatial shift z	k/k0 [28,35],

	r = −σ
2�

k0
zr̂ = −σ

λ

d
zr̂, (8)

after propagating a distance z.
It can be concluded from Eq. (8) that (i) an incident

elliptically polarized light is split by the plate into |R〉 and
|L〉 which shift oppositely in the radial direction. This shift
of trajectory equals the gradient of the PB phase arising from
the change of polarization (spin). Therefore, it demonstrates
the SOI of light introduced by the space-variant anisotropic
elements and can be regarded as an extrinsic SHE [14]. This
SHE manifests itself as a unique radial SDS, in contrast with
the lateral SDS in the conventional SHE [5,15] including the
azimuthal SHE [14,36] and the geometric SHE [6,11]. For this
reason, we may call this effect a radial SHE. (ii) The shift is
proportional to the rotation rate of optical axis �, so the SHE
can be controlled by engineering the rotation period of the
optical axis in the inhomogeneous HWP. (iii) The shift also
increases with z, enabling the direct observation of the radial
SDS. (iv) This shift is independent of θ in Eq. (4), i.e., the
shape of the incident polarization ellipse.

III. EXPERIMENTAL IMPLEMENTATION

To verify the radial SHE, we designed a metasurface with
optical axes periodically varying in the radial direction, as
in Eq. (1). Such a metamaterial was fabricated by etching
continuously varying grooves in a fused silica sample by using
a femtosecond laser [29,30]. The resulting self-assembled
nanogratings produce a form birefringence with the slow and
fast optical axes parallel and perpendicular to the grating
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FIG. 2. Experimental setup to generate CV beams with radial-
variant polarizations and to observe the radial SHE. (a) A He-Ne
laser (632.8 nm, 17 mW, Thorlabs HNL210L-EC) outputs a linearly
polarized Gaussian beam. GLP stand for Glan laser polarizer, QWP
stands for quarter-wave plate, and CCD stands for charge-coupled
device (Coherent LaserCam HR). (b) Schematic illustration of
the local optical axes (slow axes) in the metasurface. (c) Cross-
polarization intensity picture of the metasurface. The input and output
polarizations are denoted by the arrows on the left.

grooves, respectively. By controlling the etched depth of
the grooves, a retardation of π can be achieved. Because
the periodicity of nanogratings is sufficiently smaller than the
illumination beam’s wavelength, the metasurface effectively
behaves as an inhomogeneous HWP needed (Altechna).
Finally the polariscopic analysis was carried out [49] and the
result is shown in Fig. 2(c), which proves that the metasurface
has a satisfactory radial-variant distribution of the optical axes.

We built an experiment setup to validate the radial SHE
[Fig. 2(a)]. A fundamental Gaussian beam with a 2.1 mm
waist from a collimated He-Ne laser was properly polarized by
orienting a polarizer (GLP1) and a quarter-wave plate (QWP1),
and then was sent through the metasurface. The output beam
was recorded by a CCD. Another quarter-wave plate (QWP2)
and a polarizer (GLP2) were inserted to measure the Stokes
parameters of the resulting beam.

A. Incidence of a solid beam

We illuminated the metasurface with a linearly polarized
Gaussian beam to generate the vector field, as in Eq. (5). The
output transverse intensity is shown in Fig. 3(a). Obviously, the
incident beam is split into one centroid and the other concentric
ring. At the same time, the Stokes parameters [42,43] were
measured to analyze the output polarization state. The first
Stokes parameter S0 is just the intensity of the output beam
without QWP2 and GLP2. Combing QWP2 and GLP2, we get
the parameters

S1 = I (0◦,0◦) − I (90◦,90◦), (9)

S2 = I (45◦,45◦) − I (135◦,135◦), (10)

S3 = I (−45◦,0◦) − I (45◦,0◦). (11)

FIG. 3. The Stokes parameters experimentally measured at z =
10 cm for an incident linearly polarized Gaussian beam. According
to S0–S3 in panels (a)–(d) the polarization state is retrieved, as shown
in panel (a).

Here, I (α,β) represents the intensity recorded by CCD when
the optical axis of QWP2 stays with α against the x axis and
the polarization direction of GLP2 is β with respect to the
same x axis.

The results of the normalized Stokes parameters si =
Si/S0 (i = 1,2,3) are given in Figs. 3(b)–3(d). We know that
s1 reflects the tendency of polarization in the x (s1 = 1) or
y(s1 = −1) direction, s2 implies the tendency of polarization
in 45◦ (s2 = 1) or −45◦ (s2 = −1) against the x direction,
and s3 reveals the degree of the right- (s3 = 1) or left-handed
(s3 = −1) circular polarization. s1 and s2 in Figs. 3(b) and 3(c)
indicate clearly the radial variation of polarization. s3 in
Fig. 3(d) proves that the incident linear polarization is split
into two parts: the |R〉 centroid and the |L〉 ring. Figures 3(a)
and 3(d) verify that the simultaneous SDS of the intensity and
spin occur as expected. This is the radial SHE.

The Stokes parameters are then employed to retrieve the
polarization state [50] according to the relationship between
the formers and the latter [42,43]:

S1 = S0 sin θ cos ϕ, (12)

S2 = S0 sin θ sin ϕ, (13)

S3 = S0 cos θ. (14)

The retrieved results are illustrated in Fig. 3(a), which reveals
again the tendency of radial change of polarization. Note
that the appearance of polarization ellipses may result from
either experimental or calculation errors. The results verify
that the metasurface functions right as the inhomogeneous
HWP required to produce the radial-variant polarization.

Next we studied the radial shift 	r of the resultant beams
during propagation. The most intuitive and direct method
to characterize the spin-dependent shift is to measure the
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FIG. 4. Radial spin-dependent shift for an incident Gaussian
beam. The solid line is the theoretical result of the radial shift for
a metasurface with the optical-axis- variation period d = 1000 μm.
Two groups of discrete points are the experimental results for the
radii of left-circularly-polarized rings corresponding to the incidence
of circular and elliptical polarizations with the ellipticity e = 1 and
e = 0.36, respectively.

intensity center of the resultant beam minus that of the
incident beam [3–5]. We first measured the intensity of the
inner beam for different propagation distance z. We found
that the centroid evolves from a Gaussian-like distribution of
intensity near the exit surface z = 10 cm into a Bessel-like
distribution at z = 100 cm (the results were not shown here).
Since the inner beam is still solid as the incident beam, there
is no radial shift between their intensity centers if using
the common method mentioned above. We also found that
the inner beam is much thinner than the incident Gaussian
beam at the same position z. This result can be exploited to
collimate beams [51], generate subwavelength beams [52,53],
and realize subdiffraction focusing [54]. However, the relation
of the spin-dependent shift with the beam width is not as
intuitive or simple as that with the intensity center [15] because
it involves complicated integrals, so it is difficult to calculate
the analytical result of the exit beam. For this reason it has not
yet been used to calculate the SDS [14].

Alternatively, we experimentally measured the radius of the
outer ring at different transmission distance z. For simplicity,
we chose a |R〉 light as the incident light. Through the
metasurface it changes into an |L〉 single ring, for which the
radius was measured, as shown by square symbols in Fig. 4.
One can see that (i) the measured ring radii r increase linearly
with z. They approximately lie on a straight line with the same
slope as the theoretical shift 	r . (ii) The ring radius r is larger
than 	r at a given z by a constant amount. This is because the
initial radius r0 of the ring at z = 0 is nonzero, akin to vortex
beams [55]. But we did not measure r0 because the dimensions
of the CCD prohibit it from approaching the exit face of the
metasurface, i.e. z = 0. If r0 were measured, the result r − r0

would agree with 	r .
Furthermore, we changed the incident light into an elliptical

polarization (the ellipticity e = 0.36) and measured the radius
of the resultant ring again. The results are denoted by triangular
symbols in Fig. 4. By comparison, we find that the resultant
ring exhibits the same radial shift as that of the |R〉 incidence.
Obviously, the magnitude of SDS is independent of the
incident polarization. It increases with propagation distance
and the rotation rate of the optical-axis orientation. Therefore,

1

0

(a)
1

-1

s3

(b)

FIG. 5. Radial SHE for an incident linearly polarized vortex
beam. Panels (a) and (b) show the transverse intensity and the Stokes
parameter S3 of the resulting beam measured at z = 50 cm away from
the metasurface, respectively.

the experimental results validate the theoretical predications
of Eq. (8).

B. Incidence of a vortex beam

As shown above, a solid beam is split into two beams:
one hollow beam whose shift is just the radius of the ring
and one solid beam on the axis whose shift is difficult to be
measured. In order to measure both shifts unambiguously, we
changed the incident light into a vortex beam with an off-axis
intensity [55]. This hollow beam is produced by a spatial light
modulator (SLM) which enables a Gaussian beam to carry a
helical phase exp (ilφ) [56] before it impinges onto GLP1 in
Fig. 2(a).

First, we measured the transverse intensity of the output
beam emerging from the metasurface at a given transmission
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FIG. 6. (a) The theoretical and experimental results of the radial
spin-dependent shifts for the incidence of vortex beam. 	r|R〉 and
	r|L〉 represent the shifts of the exit |R〉 and |L〉 hollow beams,
respectively. (b) The process of the radial SHE. Shown are the
transverse intensities of the beam measured at different transmission
distances. The yellow plate denotes the metasurface.
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FIG. 7. Asymmetric spin-dependent splitting of intensity for incident elliptically polarized vortex beams. (a)–(e) Intensities recorded by the
CCD for incident beams with e = −1, − 0.18, 0, 0.18, 1, respectively. e represents the ellipticity of the incident polarization ellipse sketched
on the upper right. The observation plane is located 40 cm away from the metasurface.

distance. The result for l = 4 and z = 50 cm is presented in
Fig. 5(a), which displays two split rings of intensity. At the
same time, we measured the Stokes parameter S3 in order to
examine the distribution of spin. The result in Fig. 5(b) shows
that the vortex beam is split into two concentric hollow beams
with opposite circular polarizations. It follows from Fig. 5 that
the intensity and the spin are split simultaneously. Comparing
Figs. 5(a) and 5(b) with Figs. 3(a) and 3(d), respectively, we
see that the radial SDS is different between a vortex beam and
a solid one. This means that the SHE can be tuned by the phase
of the incident light. In addition, the position of split rings can
be affected by the topological charge l. The larger the charge
l, the larger the radius of the vortex beam [55,56] and thus the
larger the radii of the resulting rings.

Second, we investigated the radial shifts of the split beams
with different spins during propagation. For this purpose we
measured the radii of the hollow beams emerging from the
metasurface and those of the incident vortex beam without the
metasurface at different transmission distances. The formers
minus the latter gives the radial shifts of the two split hollow
beams in Fig. 6(a). It shows that the |R〉 ring shifts toward the
center, whereas the |L〉 one moves outwards as propagation.
The experimental results of both shifts agree well with the
theoretical prediction of Eq. (8).

Third, we recorded the transverse intensities of the exit
beam during propagation in order to show the occurrence of
the radial SHE and the evolution of the SDS. The experimental
results are presented in Fig. 6(b). As z increases, the exit
beam gradually split into two hollow beams. The outer hollow
beam is |L〉. Its radius becomes larger while its intensity
becomes weaker as z increases. The inner beam is |R〉. Its
radius and intensity almost remain constant. This is because
the inward shift counteracts the divergence of the vortex beam.
By applying this result, the metasurface can collimate light
beams.

Finally, we studied the influence of the incident polarization
on the SHE. For this purpose, we chose the incident elliptically
polarized vortices with ellipticity e = −1, − 0.18, 0, 0.18,
and 1 corresponding to S, C, B, A, and N on the Poincaré
sphere in Fig. 1, respectively. The five beams are then
transformed by the metasurface into CV beams with radially
varying polarizations, like Fig. 1(c). They thus acquire the PB
geometrical phases, the spatial gradient of which leads to the
SDSs into |R〉 and |L〉 rings. We measured their intensities and
the results are shown in Fig. 7. It is seen that the intensities of
the two rings are not necessarily equal, but depend on e. This

is because an elliptically polarized beam can be considered
as a superposition of |R〉 and |L〉 with distinct amplitudes
according to Eq. (3). By Eq. (4) the resulting rays, |L〉 and
|R〉, possess unequal intensities. This indicates that the incident
polarization affects the SDS of intensity.

IV. CONCLUSION

In summary, we identified and experimentally demon-
strated another kind of SHE of light that consists of the radial
SDSs of spin and intensity by a metasurface. The metasurface
with periodically varying optical axes brings about a radially
variant distribution of polarization, thereby endowing the
incident light with an effective PB phase. Consequently, the
gradient of PB phase induces a shift in the momentum space
and thus gives rise to the radial SDS of light in the position
space, which we call a radial SHE. Further experiments verify
that the magnitude of the SDS increases with the rotation rate
of optical axes and the propagation distance, which enables the
SHE to be enhanced greatly for direct observation. Moreover,
the SHE can be tuned by the phase and polarization of the
incident light: a solid (hollow) beam with plane (spiral) phase
fronts splits into one solid (hollow) beam and the other hollow
beam with opposite spin; the incident polarization determines
the intensities of the two separate beams. The results provide
flexible and efficient ways to generate and control the SHE
and CV beams [54,57]. The radial SHE could be valuable
in optical manipulation and detection of particles [47,57,58],
classical communication [59], and quantum communication
and computation [60].

It is worth pointing out that the radial SHE of light can be
extrapolated to other physical systems [4]. A radial Hall effect
or SHE of electrons should be possible if applying a radially
varying magnetic or electric field [61–63]. For example, we
note that, most recently, Karimi et al. enabled an electron
beam to carry a PB phase by an azimuthally varying magnetic
field [64]. It follows that, if the magnetic field is made to change
radially, a radial-variant PB phase and then a radial SHE of
electrons could be implemented. In the future new spin-optical
and spintronic devices [14,61] promise to be developed based
on the radial SHE.
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