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Abstract: The spin Hall effect of light, associated with
spin-orbit interactions, describes a transport phenome-
non with optical spin-dependent splitting, leading to a
plethora of applications such as sensing, imaging, and
spin-controlled nanophotonics. Although geometric
meatsurfaces can mimic photonic spin Hall effect by
spatially splitting left-hand circularly polarized and right-
hand circularly polarized states of electromagnetic waves
with anomalous refraction or reflection angles, the geo-
metric phase generated by metasurfaces hinders metal-
enses to realize simultaneous focusing of different spin
states, limiting further applications. Here, we propose
and experimentally demonstrate an approach to realizing
a spin Hall metalens that can focus terahertz waves with

different spin states and flexibly manipulate spin-
dependent focal points in multiple spatial dimensions
based on a pure geometric phase. A dielectricmetasurface
consisting of micropillars with identical shape and
different in-plane orientations is designed to realize the
multidimensional manipulation of photonics spin Hall
effect in terahertz region. Furthermore, helicity-depen-
dent imaging is demonstrated by the terahertz spin Hall
metalens. The uniqueness and robust approach for
manipulating spin photons may have a significant impact
on designing ultra-compact and multifunctional devices
and spin photonics devices.

Keywords: geometry phase; helicity-dependent imaging;
metalens; photonics spin Hall effect.

1 Introduction

Photonics spin Hall effect (PSHE), a counterpart of spin
Hall effect (SHE) in electronic systems, is associated with
spin-orbit interactions (SOI) [1–4], which are the coupling
between the spin angular momentum (SAM) and orbital
angular momentum (OAM) of light. The PSHE describes a
transport phenomenon of optical spin-dependent splitting,
which is typically related to two kinds of geometric phases:
Rytov–Vladimirskii–Berry (RVB) phase [1–3] and Pan-
charatnam–Berry (PB) phase [4]. The RVB phase is con-
cerned to the evolution of the propagation direction of
light, and thus, a spin-dependent shift is occurred when a
light beam propagates at an interface between different
media [5]. The PB phase is related to a change in the po-
larization of light and it is produced in a certain inhomo-
geneous anisotropic media to generate PSHE [6]. Recently,
a plethora of methods and technologies, i. e., weak mea-
surements,multireflections, and interferometry, have been
proposed and demonstrated to elicit the weak PSHE [7–9],
leading to various applications such as precision mea-
surement [10] and differential computing [11–14].

*Corresponding author: YiMing Zhu, Terahertz Technology Innovation
Research Institute, Terahertz Spectrum and Imaging Technology
Cooperative Innovation Center, Shanghai Key Lab of Modern Optical
System, University of shanghai for Science and Technology,
Shanghai, 200093, China; and Shanghai Institute of Intelligent
Science and Technology, Tongji University, Shanghai, 200092, China,
E-mail: ymzhu@usst.edu.cn. https://orcid.org/0000-0001-8557-
895X
XiaoFei Zang and Lin Chen: Terahertz Technology Innovation Research
Institute, Terahertz Spectrum and Imaging Technology Cooperative
Innovation Center, Shanghai Key Lab of Modern Optical System,
University of shanghai for Science and Technology, Shanghai,
200093, China; Shanghai Institute of Intelligent Science and
Technology, Tongji University, Shanghai, 200092, China
BingShuang Yao, Zhen Li, Yang Zhu, JingYa Xie and SongLin Zhuang:
Terahertz Technology Innovation Research Institute, Terahertz
Spectrum and Imaging Technology Cooperative Innovation Center,
Shanghai Key Lab of Modern Optical System, University of shanghai
for Science and Technology, Shanghai, 200093, China
Alexey. V. Balakin and Alexander. P. Shkurinov: Department of
Physics and International laser Center, Lomonosov Moscow State
University, Leninskie Gory 1, Moscow, 19991, Russia; ILIT RAS
– Branch of the FSRC “Crystallography and Photonics” RAS,
Svyatoozerskaya 1, Shatura, Moscow, 140700, Russia

Nanophotonics 2020; 20200115

Open Access. © 2020 XiaoFei Zang et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 Public
License.

https://doi.org/10.1515/nanoph-2020-0115
mailto:ymzhu@usst.edu.cn
https://orcid.org/0000-0001-8557-895X
https://orcid.org/0000-0001-8557-895X


Metasurfaces, metamaterials of reduced dimension-
ality, can flexibly tailor the amplitude, phase and polari-
zation of electromagnetic waves [15, 16, 15, 16], leading to a
plethora of applications such asmetalens [17–23], cloaking
[24], holograms [25–32], waveplates [33–36], orbital
angular momentum manipulation [37–40] and nonlinear
optics [41–45]. Since metasurfaces consisting of aniso-
tropic nanopillars/micropillars with spatially variant ori-
entations can generate geometric phase, they provide a
platform for manipulating the phase of light at sub-
wavelength resolution. Thus, metasurfaces enable the
functionality for generating both weak and remarkable
phase discontinuities, opening a new avenue for devel-
oping both weak and strong PSHE-based applications.
Recently, Zhou et al., have realized optical edge detection
based on the weak PSHE generated by metasurfaces [46].
Furthermore, the metasurfaces-based weak PSHE is
extended to realize differential operation, resulting in new
applications in biological imaging and computer vision
[47–49]. Benefiting from unprecedented properties of
metasurfaces, various types of spin photonics devices
based on strong PSHE, i. e., directional polarization
coupler [50], polarization-controlled surface plasmon
polaritons [51], and metaspiral plasmonic lens [52], have
been developed. In addition, metasurfaces can generate
giant PSHE [53–58] by designing a dramatic phase-gradient
based on the PB phase (it is defined as the geometric
phase). The phase-gradient enables spatially splitting of
left-hand circularly polarized (LCP) and right-hand circu-
larly polarized (RCP) electromagnetic waves with anoma-
lous refraction or reflection angles. However, the splitted
spin-dependent beams cannot be simultaneously focused
based on the traditional (PB-phase-based)metalens, which
inevitably degrades the perceptive devices for spin-
dependent applications. Recently, a method combining
both geometric and dynamic phase, is proposed to simul-
taneously manipulate the LCP and RCP light [59, 60]. Un-
like the previous methods dependent on both dynamic
phase and geometric phase, we propose an approach to
design spin Hall metalens that can focus terahertz (THz)
waves with different spin states and flexibly manipulate
spin-dependent focal points inmultiple spatial dimensions
based on the pure geometric phase. A dielectric meta-
surfaces consisting of identical micropillars with spatially
variant orientations is utilized to realize the manipulation
of PSHE in both transverse and longitudinal directions. As
a proof-of-concept, helicity-dependent imaging based on
the spin Hall metalens is also demonstrated. The robust
and flexible approach for designing spin Hall metalens
may find practical applications in imaging, sensing and
spin photonics devices.

2 Design and methods

Figure 1 shows a schematic of multidimensional manip-
ulation of photonic spin Hall effect: For the incidence of
LCP/RCP THz waves, one focal point is observed and
located at an arbitrary position (see Figure 1(a) and (b)).
Under the illumination of a linearly polarized THz beam,
the spin-dependent splitting in arbitrary transverse and
longitudinal directions is observed (see Figure 1(c)). It
should be noted that the dielectric metasurface (see
Figure 1) consisting of micropillars with identical shape
and spatially variant orientations is applied to generate
the pure geometric phase for manipulating different spin
states of photons in multiple dimensions. Unlike the
traditional metalens that can focus the LCP light and
defocus the RCP light and vice versa, our designed met-
alens can focus both the LCP and RCP components into
arbitrary spatial positions, leading to spin-dependent
splitting (focal points) in multiple dimensions. Therefore,
the key to realize such a metalens is that a single meta-
surface can simultaneously focus LCP and RCP electro-
magnetic waves into different positions. For a linearly-
polarized light beam, it can be considered as the super-
position of both LCP and RCP components with identical
amplitude, and the corresponding Jones vector can be
written as:
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To focus the LCP component, the phase profile for the
metalens can be expressed as:

φLCP � 2π
λ
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(x − xi)2 + (y − yi)2 + f 2i

√
− f i , (2)

in which λ is the working wavelength and fi is the focal
length. (xi, yi) are the arbitrary coordinates in the x-y plane.

To focus the RCP component, the required phase dis-
tribution is governed by:

φRCP � −(2π
λ

��������������������(x − xj)2 + (y − yj)2 + f 2j

√
− f j), (3)

where fj is the focal length and (xj, yj) are the arbitrary
coordinates in the x-y plane.

In order to realize a spinHallmetalens that can flexibly
manipulate photonic spin-dependent splitting in multiple
dimensions based on the pure geometric phase, the total
phase profile should combine the two phase profiles
together and it can be expressed as [43]:
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φtotal � arg[exp (iφLCP) + exp (iφRCP)]. (4)

The phase requirement in Eq. (4) contains two phase
profiles: one is associatedwith focusing of LCP component,
while the other is related to focusing of RCP component. It
represents simultaneous as a convex lens and also as a
concave lens under the illumination of LCP and RCP elec-
tromagnetic waves. The phase profile in Eq. (4) can be
understood as follows: Under the illumination of linearly-
polarized (LP) THz waves, two focal points with opposite
circular-polarized states are observed after the spin Hall
metalens. The corresponding field can be simply written as

∼AeiφLCP and BeiφRCP . The total field of these two focal spots

is ∼AeiφLCP + BeiφRCP . The phase requirement of these two
focal spots is φtotal � arg[A ⋅ exp (iφLCP) + B ⋅ exp (iφRCP)]

andwe assumeA=B (they are the amplitude profiles of two
focal spots). The detailed principle of spin Hall metalens is
given in Supplementary Materials Section 1. The target
phase in Eq. (4) consists of a convex lens and a concave
lens (resulting in a diverging beam). Under the illumina-
tion of LCP THz wave, it interacts with two phase profiles:
one phase profile (φLCP) enables the functionality for
focusing the incident wave into a focal spot while the other
phase profile (φRCP) defocus the incident wave. Therefore,
only half of the transmitted waves are converted to the RCP
focal spot. In contrast, for RCP incidence, half of the
transmitted waves is converted to the LCP focal spot.
Therefore, the maximal focusing efficiency of the designed
metalens cannot exceed 50% in theory, which is an
inherent limitation of the approach.

Figure 2(a) illustrates a schematic of the spin Hall
metalens consisting of anisotropic siliconmicropillarswith
predesigned in-plane orientations. Each pillar is consid-
ered as a quasi-perfect half-wave plate (see Ref [61]) with
the optimized structural parameters as: L = 85 μm,
W = 40 μm, H = 500 μm and p = 110 μm (period). The
thickness of substrate is 500 μmand theworking frequency
of the metalens is 0.69 THz. Figure 2(b1)∼2(c2) show the
optical image of the designedmetalenseswith longitudinal
spin-dependent splitting and multidimensional spin-
dependent splitting, respectively. The near-field scanning
terahertz microscopy (NSTM) [62–64] is utilized to detect
the corresponding field distributions.

3 Results and discussion

As a guiding study, a metalens with longitudinal spin-
splitting is initially demonstrated. Figure 3 shows the nu-
merical simulation and experimental demonstration of
such spin Hall metalens. The metalens consists of
100 × 100 micropillars. The corresponding structure pa-
rameters are as follows: xi = xj = yi = yj = 0, fi = 4 mm and
fj = 7 mm. Figure 3(a1) shows the calculated electric field (|
E|2) distribution of the designed metalens under the illu-
mination of linearly-polarized (LP) THz waves with polar-
ization along the x-axis (at 0.69 THz). Two separated focal
points are observed along the longitudinal direction. The
corresponding electric field distributions in the x-y plane
are given in Figure 3(a2) and 3(a3), and there are two cir-
cular-shaped spots located at z = 3.8 mm and z = 6.6 mm,
respectively (Here, the tail end of micropillars is defined as
a reference plane to calculate the position of each focal
spot). To further demonstrate the character of the spin-
dependent splitting, the field distributions for LCP and RCP
incidences are calculated. As shown by Figure 3(b1) for the

Figure 1: Schematic of the multidimensional manipulation of
photonics SHE. (a)For the incidence of LCP THz waves, one RCP focal
point is observed and located at an arbitrary position. (b) For the
incidence of RCP THz waves, one LCP focal point is observed and
located at an arbitrary position. (c) Under the illumination of linearly
polarized THz waves, two separated spin-dependent (LCP and RCP)
focal spots are manipulated and distributed in arbitrary positions.
The arrays represent the polarization state of the THz waves.
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LCP incident THz waves, we observe one focal point in the
left side, while another one in the right side under the
illumination of RCPTHzwaves (see Figure 3(c1)), indicating
ametalens with longitudinal spin-dependent splitting. The
electric field distributions in the x-y plane also demonstrate
that only one circular-shaped spot is observed at z= 3.8mm
(or z = 6.6mm) for the incidence of LCP (or RCP) THzwaves.
Here, the intensities of these two helicity-dependent focal
spots are different, which can be attributed to the different
focal lengths. The experimental measurements of such
spin Hall metalens are shown in Figure 3(d1)∼3(f3). In
experiment, the incident x-polarized LP THz beam is
focused into two separated focal spots away from the
sample, as shown in Figure 3(d1). In comparison with
Figure 3(a1) and 3(d1), both the numerical simulations and
measured results are matched well with each other, except
for a slight discrepancy in the size of focal spots. It can be
attributed to the fabrication error and the non-perfect
signal-to-noise ratio (SNR) of the THz source (in experi-
ment). The electric field distributions for LCP and RCP
incidence of THz waves are shown in Figure 3(e1) and 3(f1).
The corresponding electric field distributions in the x-y
plane are experimentally measured and shown in
Figure 3(d2)∼3(f3). The calculated focusing efficiencies for
LCP and RCP incidences are 39 and 29.2%, respectively,
while they are 26.1 and 16.2% in experiment. Here, the
difference in efficiency may be attributed to the different
numerical aperture of the spin-dependent focal points and
the finite silicon pillars in metalens. In addition, the
calculated and measured electric field distributions in the
y-z plane and the corresponding Stokes parameters S3 are
given in Supplementary Materials Section 2. To further
demonstrate the robust approach for manipulating spin
photons,we also design a spinHallmetalenswith structure
parameters as follows: xi = xj = yi = yj = 0, fi = 3 mm and

fj = 7 mm. The numerical simulations, measurements and
the corresponding Stokes parameters S3 are also supplied
in Supplementary Materials Section 3.

Now, we demonstrate a unique and robust approach
(based on pure geometric phase) to realize themanipulation
of photonic spin-dependent splitting in both longitudinal
and transverse directions, as shown in Figure 4. The pre-
designed structure parameters for this spin Hall metalens
are xi = xj = 0, yi = 1.5 mm, yj = −0.5 mm, fi = 4 mm and
fj = 6 mm. The numerical demonstration of multidimen-
sional spin-dependent splitting under the illumination of an
LP THz beam at 0.69 THz is illustrated in Figure 4(a1). The
two focal spots with longitudinal and transverse spin-
dependent splitting are observed, and located with longi-
tudinal centers at z= 3.8mmand z= 5.7mm,which are close
to the designed values. The transverse (in y-direction) spin-
dependent shift of these two focal spots is Δy1 ≈ 1.5 mm and
Δy2≈−0.5mm, respectively. The corresponding electricfield
(|E|2) distributions in the x-y plane are shown in Figure 4(a2)
and 4(a3), respectively. Under the illumination of helicity-
dependent THz waves, there is only one focal point located
at either left side of the upper half space (see Figure 4(b1)) or
right side of the lower half space (see Figure 4(c1)),
demonstrating themanipulationof spin-dependent splitting
in both longitudinal and transverse directions. The corre-
sponding electric field (|E|2) distributions in the x-y plane
are simultaneously demonstrated the multidimensional
manipulation of PSHE, as shown in Figure 4(b2)∼4(c3).
Figure 4(d1)∼4(f1) show themeasured results, in which there
are two spin-dependent focal spots locatedat z= 3.8mmand
z = 5.7 mm, respectively. The x-y plane of electric field dis-
tributions are given in Figure 4(d2)∼4(f3). Both themeasured
results and the numerical simulation are agreed well with
each other. In this situation, the focusing efficiencies are
38.5 and 33.1% under the illumination of LCP and RCP THz

Figure 2: Schematic and fabrication of the
spin Hall metalens. (a) Schematic of the
spin Hall metalens consists of silicon
micropillars with identical shape and
different in-plane orientationsdeposited on
a silicon substrate. (b1) and (c1) Optical
image of the fabricated spin Hall
metalenses that can manipulate photonics
spin-dependent splitting in longitudinal
direction and multiple dimensions,
respectively. (b2) and (c2) Zoom-in images
of part from (b1) and (c1), respectively.
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waves, while they are 26.7 and 22.1% in measurement. The
calculated Stokes parameters S3 is supplied in Supplemen-
tary Materials Section 4. In addition, we have designed
another spin Hall metalens that can manipulate photonic
spin in multiple dimensions with structure parameters as:
xi = xj = 0, yi = 1.5 mm, yj = −0.5 mm, fi = 4mm and fj = 7 mm
(see Supplementary Materials Section 5). In addition, our
approach can be extended to manipulate spin-dependent
splitting in three spatial dimensions (see the numerical
simulations in Supplementary Materials Section 6).

To further demonstrate the characters of the spin-
dependent splitting, a helicity-dependent sample is
designed and fabricated, as shown in Figure 5(a) and (b).
As a proof-of-concept, the helicity-dependent imaging is
realized, when the helicity-dependent sample is embedded
in two spin-dependent focal spots. Here, the designed
sample consists of T-shaped meta-atoms and slit grating
that are coated on each side of a polyimide (PI) film. Two
helicity-dependent capital Letters “T” and “U” are
composed of T-shaped meta-atoms with counterclockwise

Figure 3: Electric field distributions (|E|2) of
the spin Hall metalens that can manipulate
photonics spin-dependent splitting in the
longitudinal direction. (a1∼c1) Simulated
electric field distributions for the
transmitted THz waves in the x-z plane
under the illumination of LP, LCP and RCP
THz waves. (a2∼c3) The corresponding
electric field distributions in the x-y plane
under the illumination of LP, LCP and RCP
THz waves. (d1∼f3) Corresponding
experimental results.

Figure 4: Electric field distributions (|E|2) of
the spin Hall metalens that can manipulate
photonics spin-dependent splitting in both
transverse and longitudinal directions.
(a1∼c1) Simulated electric field distributions
for the transmitted THz waves in the x-z
plane under the illumination of LP, LCP and
RCP THz waves. (a2∼c3) The corresponding
electric field distributions in the x-y plane
under the illumination of LP, LCP and RCP
THz waves. (d1∼f3) The corresponding
experimental results.
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rotation of 45° and clockwise rotation of 45°, respectively.
The numerical simulations of the transmission properties
and working principle for the helicity-dependent imaging
sample are given in Supplementary Materials Section 7.
For simplicity, we use the metalens with longitudinal
spin-splitting to demonstrate the helicity-dependent im-
aging, as shown in Figure 5(c)∼5(f). Figure 5(c) illustrates
the calculated electric field distribution under the illu-
mination of RCP THzwaves, and the capital Letter of “T” is
revealed. Since the capital letter of “T” consists of T-
shaped meta-atom arrays (coated on one side of the PI
film) with counterclockwise rotation of 45° and slit grat-
ings (coating on the other side of PI film), the RCP THz
waves can be transmitted through the sample while the
LCP THz waves is reflected, leading to the observation of
the capital letter of “T”. In contrast, the capital letter of
“U” can be revealed under the illumination of LCP THz
waves, as shown in Figure 5(d). In experiment, the capital
Letter of “T” is observed when the sample is embedded in
the left focal point (see Figure 5(e) for scanning imaging),
while the capital letter of “U” is revealed when the sample
is embedded in the right focal point (see Figure 5(f) for
scanning imaging), demonstrating the helicity-depen-
dent imaging. The helicity-dependent imaging based on
multidimensional spin Hall metalens and the experi-
mental scheme are given in Supplementary Materials
Section 8 and 9.

4 Conclusion

In summary, we have proposed and experimentally
demonstrated an approach to design multidimensional
spin Hall metalens that can flexibly manipulate the spin-

dependent splitting in both transverse and longitudinal
directions using a single-layer dielectric metasurface. Po-
sition-controllable and spin-dependent focal points are
realized based on the pure geometric phase. The flexible
approach can be extended to manipulate spin-dependent
splitting in three spatial dimensions. The helicity-depen-
dent imaging capabilities are demonstrated by the spin
Hall metalens and helicity-dependent sample. The
simplicity and robust approach in manipulating SHE may
provide a platform for designing future compact devices.
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