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ABSTRACT

Recently, tremendous remarkable studies on spin–orbit interactions (SOIs) have attracted interest of scientists across the world in various
fields. Among contemporary technologies of probing SOI, photonic metasurfaces have become a prevalent tool to guide and steer wavefront
of light at the subwavelength scale. Nevertheless, the discretized nanoantennas of metasurfaces have been plagued for the shortcoming of
bandwidth. In contrast to the discretized strategy, symmetric nanorings possessing a continuous phase gradient are exploited in this work.
Benefiting from lossless dielectric material and nondispersive characteristic of the Pancharatnam–Berry phase principle, the designer
nanorings are viable to realize high efficient spin-to-vortex conversion over a wide spectrum. The nanorings also accomplish a high purity of
orbit angular momentum mode, which is of vital importance in many applications. Our findings would be beneficial to delve spin-
controllable nanodevices and hold promise for applications of atomic manipulation and optical tweezers.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046546

Analysis of optical spin–orbit interactions (SOIs) can provide valu-
able insight as it reveals the conserved or transformed property of total
angular momentum (AM) within a physical system. It is important to
consider the connection between symmetries and AM, which often
brings about a few extraordinary phenomena, such as spin-flip scatter-
ing,1 spin splitting,2 and spin-Hall effect.3 Besides spin angular momen-
tum (SAM), orbital angular momentum (OAM) also draws tremendous
attention from researchers across the world for the reason that OAM
can be exploited as a new degree of freedom to encode and retrieve
information for photonic nanodevices.4,5 Recently, OAM beams have
been a major propellant for widespread applications, such as optical
communications,6–8 optical tweezers,9 and quantum optics.10–14

Recently, a variety of SOI phenomena have been observed in dif-
ferent physical scenarios, such as nanoparticles,15 optical fiber,16 and
plasmonic nanoslits and metasurfaces.17–19 In the context of free space,
SOI phenomena can be divided into two classes. First, a circularly
polarized light experiences a transverse spin-dependent shift on a pla-
nar interface through reflection or refraction. This effect manifests the
spin-Hall effect of light. Second, a spin-to-orbit conversion takes place

when passing anisotropic and inhomogeneous media, resulting in the
generation of optical vortex (OV), i.e., a helical phase. The former case
is related to SAM to extrinsic OAM (EOAM) conversion, and the lat-
ter one is related to SAM to intrinsic OAM (IOAM) conversion. Due
to the subtlety of these subwavelength-scale phenomena, the SOI is
often neglected to traditional “macroscopic” geometrical optics.

Thanks to advanced nanofabrication techniques, properly
designing anisotropic nanostructures allows considerable enhance-
ment of SOI effects. A great deal of effort has been devoted to the reali-
zation of spin-to-vortex conversion, such as Dammann grating,20

Q-plates,19 J-plates,21 metasurfaces,22 and photonic bound states in
continuum (BICs).23–26 Due to the inherent diffraction property of
Dammann gratings, most of the energies would inevitably be deflected
into undesirable diffraction orders. Q-plates based on liquid crystals
implement phase retardation in size of �um2 but at the same time are
limited by the degradation effects and low resolution.19 The J-plates
take advantage of flexible control over total AM of an optical beam;
however, a challenge still remains for the fabrication of large area and
broadband devices.27 Additionally, although a spatial light modulator
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(SLM) and a digital micromirror device (DMD) have the ability of
dynamic modulation of optical vortex generation, they suffer from the
low efficiency. Designer subwavelength nanostructures have emerged
with the development of nanofabrication, and they can be regarded as
the precursor of metasurfaces, which employ meta-atoms to imple-
ment a spatially varying optical response. In contrast to plasmonic
metasurfaces that suffer from significant energy dissipation, low-loss
dielectric metasurfaces have the capacity to guide and steer the light
wavefront in all properties, e.g., amplitude, phase, and polarization.
Nevertheless, the underlying fundamental of dielectric metasurfaces
relies on a discretized strategy, i.e., numerous anisotropic nanoanten-
nas are arranged in an orientation-varying array.28–31 This principle
inevitably incurs a significant dispersion and, consequently, makes the
working bandwidth narrow. Very recently, a new class of optical com-
ponents based on BICs has appeared. According to the BIC principle,
the generated optical vortices are formed by resonances in momentum
space rather than real space. However, because photonic BICs act as a
series of strong polarization-anisotropic resonators, the bandwidth is
narrow as well and the mode purity of generated OAM is
inadequate.32

To improve above-mentioned drawbacks, we present concentric
dielectric nanorings with full rotational symmetry to carry out high
efficiency and high mode purity spin-to-vortex conversion. Compared
with metasurfaces and BIC slab, symmetric nanorings simultaneously
incorporate the geometric phase and resonant phase into a continuous
structural configuration. Although the building blocks of metasurfaces
and BIC slab are of periodic subwavelength scale and possess high res-
olution, the overall nanorings can be regarded as the combination of
infinite discretized building blocks. This feature has an exotic advan-
tage of evolving the spin-to-orbit phase gradient within a circular unit
cell, which means that nanorings have an upmost spatial resolution.33

As a consequence, nanorings enable us to accomplish a very high
purity of OAM mode. Meanwhile, through rationally engineering the
morphological sizes, nanorings with the height of 190 nm and the
width of 90 nm exhibit high diffraction efficiency. In addition to the
nondispersive characteristic of the Pancharatnam–Berry (PB) phase,
the continuous dielectric nanorings are also beneficial to broadband
nanodevices.

Figure 1 represents the conceptual working principle of high effi-
ciency and broadband nanorings. The light emits from a supercontin-
uum laser source (SuperK, Fianium Ltd.) and passes through the
combination of a polarizer and a quarter waveplate to generate circu-
larly polarized light. The laser beam was weakly focused to overfill the
sample and offered a homogeneous illumination. It is well known that
AM can be decomposed into two intrinsic components, i.e., SAM
(r ¼ 61) and OAM (l ¼ 0;61;62;…). The SAM is related to the
rotating electric vectors in a circularly polarized beam, while the OAM
is related to the helical wavefront of optical vortex beams. In our case,
the dielectric concentric nanorings lead to the optical vortex genera-
tion with the relationship of l ¼ 2r.

To investigate the underlying mechanism of spin-to-vortex con-
version in dielectric nanorings, a straight nanoline with the same
height and width as the nanorings was systematically studied. We used
the finite-difference time-domain (FDTD) method to perform the
full-field electromagnetic simulations. As shown in Figs. 2(a) and 2(b),
we probe the scattering cross sections of single and periodic nanoline
structures in response to orthogonal linear-polarized light. It can be

FIG. 1. Schematic of the spin-to-vortex generator realized by dielectric symmetric
nanorings. The concentric nanorings are illuminated by a circularly polarized light,
producing a broadband spectral optical vortex. P, QWP, and OL are a polarizer, a
quarter waveplate, and an objective lens, respectively.

FIG. 2. Simulated analyses of the localized unit cell when the nanoring degenerates
into a nanoline from the perspective of the infinitesimal. Scattering cross sections of
(a) a single and (b) periodic nanolines excited by different linearly polarized lights.
The height H, width W, and period P of the nanolines are 190 nm, 90 nm, and
500 nm, respectively. (c) Electric field distribution for x-polarized illumination at the
wavelength of 820 nm. (d) Magnetic field distribution for y-polarized illumination at
the wavelength of 820 nm.
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interpreted that the nanoline supports different resonant modes
according to the tangential or axial excitement of pumping lights.
Additionally, the excited modes are affected slightly when the struc-
tures are arranged in an array. Moreover, it is confirmed by examining
the scattering cross section that the magnetic dipole (MD) resonance
is excited along the y-polarization illumination, and a very weak elec-
tric dipole resonance is, however, observed along the x-polarization
illumination [Figs. 2(c) and 2(d)], which brings about substantial
phase retardation at the localized area.

Once the phase retardation between two orthogonal directions is
designed rationally, dielectric nanolines can function similar to infinite
superthin half-waveplates at the subwavelength scale, resulting in the
handedness inversion of circularly polarized light. In order to realize
the spin to orbit conversion, we, furthermore, rely on the
Pancharatnam–Berry phase principle.34–36 The PB phase is defined as
a cumulative phase induced by the polarization evolution on the
Poincar�e sphere. It prevails over the size-variable resonators from the
perspective of achromatic property due to its intrinsic dispersionless
feature. In fact, the PB phase is the cornerstone of SOI phenomena.
Explicitly, the PB phase is determined by the equation U ¼ 2rhðfÞ,
where r ¼ 61 represents the spin up or down state of incident light
(i.e., the handedness of its circular polarizations) and hðfÞ is the rota-
tion angle with respect to the x-axis along the path f. Figure 3 exhibits
the localized phase shift and PB phase of nanorings. The phase retar-
dation in Fig. 3(a) is defined as /x-/y, where /x and /y are the phase
of the x- and y-polarized light waves, respectively. For the straight
nanoline structure, it is found that the phase shift takes place at all
concerned frequencies and the desirable p-shift takes place at a wave-
length of around 820nm. The curves in Fig. 3(a) display that the trans-
mission coefficients of both the x and y-polarizations are higher than
0.8 at the wavelength of 820nm, which is beneficial for applications.
More intriguingly, when the continuously straight nanostructure is
deformed as the rotationally symmetric nanorings, they locally satisfy
the PB phase principle and globally implement the spin-to-orbital AM
conversion. The inset of Fig. 3(b) exhibits the definitions of the curved
path and rotation angle of nanorings. Since the rotation angle of
nanorings is 2p, the final spin-to-orbit conversion is, therefore,
l ¼ 2r.

We experimentally investigated the SOI phenomenon induced
by symmetric dielectric nanorings. The nanorings were fabricated by
means of electron-beam lithography (Vistec EBPG 5000 Plus ES) on a
silicon deposited glass substrate, using poly(methyl methacrylate)
(Micro-Chem, 950k A4) and Copolymer (Micro-Chem, EL6) as a
bilayer resist stack for a standard liftoff process and a sacrificial chro-
mium layer (20 nm) for the charge dissipation during the exposure. A
30 nm layer of Cr was deposited on the developed pattern of nanorings
by sputtering to form a mask for the following etching step. A subse-
quent liftoff step with acetone produced the Cr etch mask patterned
with nanorings. Afterward, reactive-ion etching (Oxford Instruments,
PLASMALAB100 ICP380) using 60 sccm of SF6 was performed to
transfer the patterns on the mask to the a-Si layer. The remaining Cr
mask was removed in standard Cr etchant.

The far-field detecting system is represented in Fig. 1, and a com-
bination of a polarizer and quarter waveplate behind the sample was
utilized when necessary. Figure 4 illustrates the simulated and mea-
sured far-field distributions generated by symmetric dielectric nanor-
ings. The donut-shaped intensities of transmitted light indicate the

spin-to-vortex conversion; the central dark region indicates a phase
singularity. Specifically, the beam carries an OAM of l¼ 2 in the case
of a left-circularly polarized light input (r ¼ 1). The topological
charge of OAM can be identified by the interference of the vortex
beam and a co-propagating Gaussian beam. The twofold helicoidal
wavefront reveals that the beams are OVs with l¼ 2. The handedness
of OAM can be switched by changing the chirality of the incident
light.

More intriguingly, the symmetric nanorings have the merits of
high efficiency and broadband properties. To demonstrate the perfor-
mance, we carried out a wide spectrum measurement by using a tun-
able laser. As shown in Fig. 5(a), the overall transmission can surpass
50% from the wavelengths of 680nm and reach up to 90% around the
wavelength of 820 nm. The wide high-efficiency range is attributed to
the low dissipation of dielectric material and the cancelation of back-
ward scattering of MD resonance. Moreover, the mode purity is of
great importance to analyze the nanoring device for converting a spe-
cial desired mode rather than other modes, and it is defined as the
ratio between the output mode power and the total transmitted power.
Mathematically, the mode purity is calculated as M ¼ gR=gR þ gL,
where gR¼j 12 ðtx � tyei/ÞhEinjLij2 and gL¼j 12 ðtx � tyei/ÞhEinjRij2
are the coupling efficiency of polarization orders, tx and ty are real

FIG. 3. (a) Transmission coefficients and phase retardation of periodic nanolines
induced by two orthogonally polarized lights. (b) The PB phase evolution of a
curved path, i.e., nanolines are deformed into nanorings. The curved path is defined
as f, and the rotation angle corresponding to the path is defined as hðfÞ.
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amplitude transmission coefficients for two orthogonal axes of the
dielectric unit cell, / is the phase retardation, and hajbi denotes the
inner product. The obtained mode purity according to the definition is
shown in Fig. 5(b). Overall, the symmetric nanorings outperform dis-
cretized nanoantenna-based metasurfaces for the high purity mode
conversion.

Note that we concern on the transmitted far-field distribution of
dielectric nanorings. In fact, previous work has discussed the metallic
nanorings for the surface plasmonic vortex generation. It is notewor-
thy that surface plasmons only propagate as a TM mode. Therefore,
the total AM is conserved in the near-field plasmonic regime, i.e.,
l þ r ¼ 0.37–39 In addition, there is also a special far-field case for plas-
monic nanorings in which the transmission field is found to be
l ¼ r.40

The diverse topological charges generated by plasmonic and
dielectric nanorings are ascribed to their functionalized unit cells,
in spite of very similar morphology of both concentric nanostruc-
tures. The behavior of dielectric nanorings can be regarded as tiny
half-waveplates. However, plasmonic nanorings are transformed
from metal gratings and the orthogonally isotropic transmission
of metal-based subwavelength grating is remarkable. As a
result, plasmonic nanorings are viable to generate a high-order
cylindrical vector beam. The diversity can also be interpreted by
theoretical analysis. For an RCP input, the field can be expressed
as41

Ein ¼
1ffiffiffi
2
p cos/ �isin/

�sin/ �icos/

� �
: (1)

The role of concentric plasmonic nanorings (PNs) is similar to
that of a radial analyzer; the Jones matrix is

MPN ¼
1 0
0 0

� �
: (2)

Eventually, the output field is Eout5MPNEin5e�i/3~er , where /

is the polar angle and~er is the unit vector in the polar coordinate sys-
tem. However, the dielectric nanorings (DNs) function similar to the
half-waveplate and the Jones matrix is

MDN ¼
tx 0
0 tyei/

� �
; (3)

where tx and ty are real amplitude transmission coefficients for two
orthogonal axes of the dielectric unit cell and / is the phase retarda-
tion. For an incident plane wave with arbitrary polarization, the
explicit calculation of the DN is expressed as

FIG. 4. (a) Top-view scanning electronic micrography of the fabricated nanorings.
The scale bar is 2 lm. (b) Simulated far-field intensity distribution. (c) Simulated
far-field phase distribution. (d-i)–(f-i) Far-field experimental images generated by
nanorings at the wavelengths of 700 nm, 800 nm, and 900 nm, respectively. (d-
ii)–(f-ii) and (d-iii)–(f-iii) The measured two-folded spiral patterns created by the
interference of the generated OV and a co-propagating Gaussian beam. The hand-
edness of OV can be switched by the helicity of input light.

FIG. 5. (a) Simulated and experimental results of transmission efficiency of the
nanorings over a wide spectrum. (b) The mode purity of the generated OV as a
function of wavelength.
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jEouti /
1
2

tx � tye
i/

� �
exp2ihhEinjRi þ

1
2

tx � tye
i/

� �
exp2ihhEinjLi;

(4)

where jRi and jLi are the helicity states of light, i.e., r ¼ 61. Thus, it
is found that the topological charge of the DN depends on the PB
phase of U ¼ 2rhðfÞ.

In summary, we propose an innovative spin-to-vortex generator,
i.e., dielectric nanorings with full rotational symmetry. The nanorings
take advantage of easy fabrication for the morphological size of only
190nm height and 90nm width. Compared with contemporary dis-
cretized nanoantennas, the continuous nanorings possess the
continuous-phase gradient along the circular trajectory and cover a
full phase range (0–4p), giving rise to the spin-to-orbit conversion
over a broadband spectrum. Note that the symmetric nanorings obey
the rule of total AM conservation, which means that it would bring
about an OV with a topological charge of L ¼ 2 in the case of input
light merely carrying SAM. For a more generalized law, nanorings
meet the relationship of Lout ¼ 2rin þ Lin. Nonetheless, through the
investigation of the far-field measurement, it is found that the exotic
nanorings exhibit a high efficiency over the wavelength span of
300nm. More importantly, they accomplish a high purity of OAM
conversion. The merits of nanorings are beneficial to create spin-
controllable nanodevices and further facilitate the development of
nanophotonics.

This work was performed in part at the Melbourne Centre for
Nanofabrication (MCN) in the Victorian Node of the Australian
National Fabrication Facility (ANFF). This research was partially
supported by the Agency for Science, Technology and Research
(A�STAR) under Grant No. A20E5c0095.
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