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ABSTRACT: Meta-lens represents a promising solution for optical
communications and information processing owing to its miniatur-
ization capability and desirable optical properties. Here, spin Hall meta-
lens is demonstrated to manipulate photonic spin-dependent splitting
induced by spin−orbital interaction in transverse and longitudinal
directions simultaneously at visible wavelengths, with low dispersion
and more than 90% diffraction efficiency. The broadband dielectric spin
Hall meta-lens is achieved by integrating two geometric phase lenses
with different functionalities into one single dynamic phase lens, which
manifests the ultracompact, portable, and polarization-dependent
features. The broadband spin Hall meta-lens may find important applications in imaging, sensing, and multifunctional
spin photonics devices.
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Photonic spin Hall effect (PSHE) describes a transport
phenomenon with optical spin-dependent splitting. It
was theoretically predicted and proposed by Onoda et

al. in 2004,1 which is a counterpart of spin Hall effect in
electron transport.2 The root cause of the PSHE is generally
regarded as an effective spin−orbital interaction, which is the
interplay of spin and trajectory of the light beam. In light of the
above theoretical studies, increasing efforts are made to
experimentally investigate the PSHE.3−9 However, it is difficult
to measure this induced spin-dependent shift without weak
measurement technology3 or multiple reflections4 because of
the extremely small photon momentum and spin−orbit
interaction. Recently, metasurface or metamaterial of reduced
dimensionality makes it possible to direct and manipulate the
electromagnetic field.10−21 Interestingly, metasurface is also
able to greatly enhance the spin−orbital interaction, because of
its rapidly varying dynamic phase discontinuity, which can
sharply change the light trajectory and, consequently, generate
the spin-dependent geometric phase. Enormous investigations
on experimental observation of the PSHE have been carried out
based on the metasurface.22−27 These developments enable the
possibility for the applications of PSHE, such as precision
metrology28 and spin-based photonic devices.29

To date, however, major research efforts have been restricted
on the single dimensional modulation including transverse or
longitudinal spin-dependent splitting. The realization of

multidimensional spin-dependent splitting is still a challenge
by a single device, because neither a single pure dynamic nor a
geometric phase element can simultaneously gain transverse
and longitudinal phase gradients, which is the key of photonic
spin-dependent splitting. However, it is known that geometric
phase element can be employed to achieve the transverse spin-
dependent splitting,30−34 while the dynamic phase element
provides the possibility for realizing the longitudinal spin-
dependent splitting.35 Therefore, we propose to integrate both
dynamic and geometric phase elements to obtain a broadband
photonic spin Hall meta-lens (PSHM) and generate multi-
dimensional spin-dependent splitting in free space simulta-
neously.
We experimentally verify the spin-dependent splitting for

visible wavelengths and investigate the normalized Stokes
parameter S3 that demonstrates the degree of circular-polarized
character of the electromagnetic wave. The experimental results
are consistent with the theoretical prediction that the spin-
dependent splitting can be achieved in both transverse and
longitudinal directions. Our finding provides extra degrees of
freedom to control spin photonics and is potentially useful for
exploiting multifunctional spin photonics devices.
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Figure 1a describes the schematic drawing of the spin-
dependent splitting in transverse and longitudinal directions.

When the PSHM is normally illuminated with a linearly
polarized Gaussian light beam, it generates the desired
continuous local phase profile for the two transmitted beam
components which consist of two opposite helicity states
corresponding to the left- and right-handed circularly polarized
components, respectively. After the PSHM, left- and right-
handed circularly polarized beams propagate toward different
directions and are focused at different lengths, which
corresponds to the desired longitudinal spin-dependent
splitting. As shown in Figure 1b, the PSHM in this work is
designed by integrating two different functional geometric
phase lenses into a dynamic phase lens.
Let us briefly analyze the geometric phase, which is also

known as Pancharatnam−Berry phase. It is not introduced by
optical path difference, but results from the space-variant
polarization manipulation.36,37 The geometric phase elements
use this characteristic to obtain the desired phase front, which is
polarization dependent, notably unlike a conventional optical
element.38 The desired PSHM is attained by designing slabs
with the effective optical axes of which the orientation angles θ
are spatially modulated. Its space-variant local optical axes are a
combination of the two geometric phase lenses axes, as
depicted in Figure 2a−c. Note that the transverse and
longitudinal spin-dependent splittings are led by the phase
gradient in the respective directions. It can be written as
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The first part θ1 with f1 = 200 mm being the focal length of the
lens is employed to focus one spin component and defocus the
other, as shown in Figure 2a. The second part θ2 is depicted in
Figure 2b with the period Λ = 0.1 mm, which yields to a linear
phase as a result of generating transverse spin-dependent
splitting. It is similar to “catenary of equal phase gradient”
reported in a previous reference.39 Note that both phases

generated by the two parts θ1 and θ2 are geometric phases in
nature. The Pancharatnam−Berry phases can be written as Φ1

= 2σ±θ1 and Φ2 = 2σ±θ2, where σ± = +1 and −1 denote left-
handed and right-handed circular polarization.
To prove our concept, a sample is made by form-birefringent

nanostructured glass slabs (Altechna R&D). Such a sample was
fabricated by femtosecond laser writing of spatially varying
nanostructures in a fused silica glass, and the induced form-
birefringence patterns can be achieved by changing the writing
parameters.40 The nanostructures are at a deep subwavelength
scale, thus can be treated as uniform media. At every point of
the written area, the local optical axis is oriented parallel and
perpendicular to the nanostructures, which leads to an artificial
uniaxial crystal (also see the Methods section for details). Here,
we examine polariscopic optical characterization images to
characterize the induced space-variant birefringence patterns
embedded in the silica glass.41 The crossed linear polarizer
images of the prepared sample at a wavelength of 633 nm are
displayed in Figure 2d−f, which are summarized in the
polariscopic optical characterization images of GPL1, GPL2,
and PSHM. The off-centered series of concentric rings in
Figure 2f suggests that the orientation of local optical axis
changes along the transverse and longitudinal directions.
To get an insight of the microscopic structure of the PSHM

device, the sample was cut though the patterned area and
polished. The photographs in Figure 3a,b show that the PSHM
was embedded inside of the glass slide. The series of concentric
rings (inset of Figure 3a) corresponds to the crossed linear
polarizers image in the Figure 2f. The dark-field optical image
(see Figure 3c) reveals that the laser written layer has a
thickness about 80 μm. The SEM image in Figure 3d further
confirms that the laser exposure formed some self-assembled
vertically aligned nanostructures at deep subwavelength scales,
approximately 30−90 nm.
The phase Φ introduced by the PSHM can be further

combined with a dynamic phase lens (DPL), so that the total
phase of the PSHM is expressed as follows

Figure 1. Illustration of multidimensional control of photonic spin
Hall meta-lens. (a) The transverse and longitudinal spin-dependent
splitting. RCP, right-handed circularly polarized light; LCP, left-
handed circularly polarized light; GPL, geometric phase lens; DPL,
dynamic phase lens; PSHM, broadband spin Hall meta-lens. (b)
This lens is designed by integrating two geometric phase lenses
(GPL1 and GPL2) with different functionalities on a dynamic
phase lens (DPL).

Figure 2. Illustration of the concept of PSHM by utilizing the
space-variant geometrical phase. (a−c) Two-dimensional slow-axis
orientation map of GPL1 (a), GPL2 (b), and PSHM (c). (d−f)
Two-dimensional slow-axis orientation map of GPL1 (d), GPL2
(e), and PSHM (f). (d−f) Polariscopic analysis carried out by
optical imaging between crossed linear polarizers under incoherent
spatially extended illumination at a wavelength of 633 nm. Pin and
Pout denote the input and output polarization states of light.
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where f 2 = 125 mm is the focal length of a DPL in this specific

case. Figure 4 summarizes the phase introduced by GPL1,

GPL2, DPL, and PSHM under the illumination of left- and

right-handed circularly polarized light. GPL1 can be regarded as

an ultrathin convex/concave lens, for left/right-handed polar-

ization, respectively. This PSHM is a combination of an

ultrathin convex/concave lens, GPL2 and DPL.42 Therefore,
the focal length of the PSHM can be calculated as

σ
=

×
+σ

±±
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f f

f f
1 2

1 2 (3)

One circular handedness focuses at fσ− = f1 × f 2/( f1 + f 2) = 77
mm, while the orthogonal handedness has an apparent focal
length of fσ+ = f1 × f 2/( f1 − f 2) = 333 mm.
In Figure 4, with the phase modulation of GPL2 in PSHM,

the two spin components will obtain two mutually conjugated
tilted phases and separate transversely with each other during
the propagation. The transverse spin-dependent splitting arises
from the modulation of the geometric phase σ±Φ2, which will
induce a spin-dependent momentum shift occurring in x
direction, Δkx = −2σ±(π/Λ).

30 Therefore, the real-space shift
caused by the momentum shift with the propagation distance z
can be given as43
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where k0 = 2π/λ denotes the vacuum wave vector. Note that
Δkx is a spin-dependent transverse momentum shift, that is, an
angular shift. Combined with eq 3, the coordinates of the two
focuses should be (σ−λfσ+/Λ, 0, fσ+) and (σ+λfσ−/Λ, 0, fσ−), which
is (−0.487 mm, 0 mm, 77 mm) and (2.107 mm, 0 mm, 333
mm) in our exemplary design with f1 = 200 mm, f 2 = 125 mm,
and Λ = 0.1 mm.

RESULTS AND DISCUSSION
The PSHM is illuminated with a linearly polarized Gaussian
beam at the 633 nm wavelength (17 mW, Thorlabs HNL210L-
EC). The xz plane horizontal plot in the bottom of Figure 5
clearly demonstrates the evolution characteristics of the spin-
dependent splitting and focusing. The output beam transversely

Figure 3. (a) Top-view photograph of the PSHM. Inset: Zoomed-in view shows the center patterned area of the sample. (b) Side-view
photograph of the sample. Scale bar is 4 mm. (c) The dark-field microscopy image for the cross-section of the PSHM sample reveals
microscopic laser written patterns. Scale bar 100 μm. (d) Zoomed-in SEM image of the boxed area in (c). Scale bar is 300 nm.

Figure 4. Phase introduced by GPL1, GPL2, DPL, and PSHM in
order from left to right. The second and third rows refer to left-
handed circularly polarized light (LCP) and right-handed circularly
polarized light (RCP), respectively.
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splits into left- and right-handed components after the PSHM,
experiencing two distinct focuses, respectively. Further, for
describing the spin (circular polarization degree) of the output
electric field, a quarter-wave plate and a linear polarizer are set
in sequence behind the PSHM for measuring the S3.

44 The five
vertical slices in Figure 5 display the far-field normalized Stokes
parameter S3, where the blue and red denote to the left- and
right-handed circular polarizations, respectively.
In order to achieve similar performance for multiple

wavelengths, nanoresonator-based meta-lens need to be
specially designed due to its strong dispersive nature.45 In
our work, PSHM can be operated over a broadband wavelength
range based on the characteristic of small dispersion across the
whole visible spectrum. Figure 6a−j shows the experimentally
measured results of the spin-dependent splittings in green (510
nm) and blue (430 nm) frequencies. All results are obtained
from the same device as done for 633 nm. It can be easily seen
that for all measured wavelengths here, the device shows that
two spin-dependent focusing points arise at different positions
with opposite transverse shifts, displaying the broadband
behavior of the PSHM. The three colors are randomly selected
without any specific design.
One of the significant parameters which can be utilized to

evaluate the performance of our device is the diffraction

efficiency, defined as η = +
+ +

P P
P P P

LCP RCP

LCP RCP 0
, where PLCP, PRCP, and

P0 are the output power of LCP, RCP, and zero-order
components, respectively. The measured diffraction efficiencies
by a laser power meter in the experiment are approximately
91.5%, 96.9%, and 96.8% at wavelengths of 430, 510, and 633
nm. The corresponding transmission efficiencies (the ratio
between the transmitted power and the incident power) are as
high as 88.9%, 91.2%, and 93.4%. Note that a broadband
metasurface achieved by the suppression of chromatic
aberration is proposed, which works at an infrared wavelength
with a lower efficiency.46 Thus, from the practical point of view,
the PSHM in this work may be an excellent candidate for
optical integration in a compact and efficient assembly based on
its optical properties. The PSHM is compatible with the
conventional optical element, since they are both completely
made by glass.
Owing to the low loss and broadband properties, the

developed device might find various applications in the optical
imaging field.47 To demonstrate the polarization-dependent

imaging of our device, the illumination beam is incident on a
spatial light modulator (Holoeye LC-2012) loaded with a shape
of a star. The light transmitted from the spatial light modulator
passes through a quarter-wave plate, which is employed to tune
the polarization property of the light (details in the Supporting
Information). During the experiment, one of the two focuses
( fσ± = 333 mm) is chosen to form the image as an example. The
spatial light modulator, which acted as an object, is placed 160
cm before the PSHM device. According to the lens imaging
formula, the CCD camera is fixed at the image plane, that is,
420 mm after the PSHM.
We rotate the quarter-wave plate to change the incident light

polarization type and record the corresponding images by the
CCD camera at the same location. As shown in the top row of
Figure 7, the right-handed incident light only forms an inverted
and bright image, in the dashed circle on the right side. The
intensity of that image gradually diminishes when the quarter-
wave plate changes the incident light from right-handed
polarization to left-handed polarization. Meanwhile, the off-
focused image for the left-handed component gradually
increases intensity to its maximum. The shown images are
recorded at the wavelengths of 633, 510, and 430 nm,
respectively. As expected, Figure 7 shows that the intensity of
star images can be transferred between the two spin
components by rotating the quarter-wave plate, and different
wavelengths show the similar performance.

CONCLUSION
In summary, by employing a high-efficient diffraction device
PSHM and applying the spin−orbit interaction mechanism, the

Figure 5. Experimentally measured beam propagation profile after
the PSHM. The five vertical slices display normalized Stokes
parameter S3 of the beams at the planes where z is equal to 77, 160,
245, 333, and 430 mm. The horizontal plot shows the evolution
characteristics of the spin-dependent splitting.

Figure 6. Experimentally measured results of photonic spin-
dependent splitting. The wavelengths of the incident light are
(a−e) 510 nm and (f−j) 430 nm, respectively. The normalized
intensity distributions are measured at the distances of 77, 160,
245, 333, and 430 mm. Scale bar: 500 μm.
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multidimensional spin-dependent splitting has been proposed
and demonstrated, which provides one more degree of freedom
in manipulating photons. For example, the spin-dependent
meta-lens can be combined with two independent detectors to
simultaneously retrieve the polarization state of the incident
beam with very limited form factor. Our approach to designing
PSHM enables the feature to generate spin-dependent splitting,
focusing, and imaging. The presented design method provides
an optical device with features of miniaturization and circular
polarization dependence. The optical integration concept of
designing geometric phase elements circumvents the limitations
of bulky optical devices in conventional integrated optics. It has
a significant impact on multifunctional optical elements and
drastically increases the functionality density of the optical
system. The polarization-dependent imaging properties empha-
sized in this work may find important applications in imaging,
sensing, and optical communications.

METHODS
The diameter of the PSHM substrate is 25 mm with a thickness of 3
mm, and the patterned area centered on a glass substrate is 4 mm × 4
mm region. The PSHM is fabricated by using a femtosecond laser at
the normal incident writing of spatially varying nanogrooves in a silica
glass substrate. The glass substrate is placed on a rotating holder
whose rotation speed is controlled by a computer. In the case of
intense laser exposure, the silicon glass substrate SiO2 will decompose
into porous glass whose refractive index is associated with the laser
intensity. The created uniform birefringent phase retardation is ϑ =
2π(ne − no)h/λ. Here, h stands for the writing depth and ne − no

presents the induced birefringence. The effective ordinary and
e x t r a o r d i n a r y r e f r a c t i v e i n d i c e s a r e a s f o l l o w s :

= + − = + −n fn f n n n n fn f n(1 ) , /[ (1 ) ]o e1 2
2

1
2

2
2

1
2

2
2 . Here, f

is the filling factor, and n1 and n2 represent the refractive indices of
the two media which form nanostructured glass slabs. At 633 nm
wavelength, the phase retardation ϑ of our sample is π with the writing
depth h being about 80 μm, the line width is approximately 30−90 nm,
and the filling factor changes in the range of 0.1−0.2. The sample for
measuring SEM is prepared by a grinder polisher (Ted Pella Co.,
Tustin, California). The SEM image of the sample is characterized
using a field-emission scanning electron microscope (FE-SEM, Zeiss
Sigma 500, Carl Zeiss, Germany).
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