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ABSTRACT: Ultracompact and tunable beam converters pose a significant potential for
modern optical technologies ranging from classical and quantum communication to
optical manipulation. Here we design and demonstrate concentric-ring patterned
structures of magnetic metamaterial cavities capable of tailoring both polarization and
phase of light by converting circularly polarized light into a vector beam with an orbital
angular momentum. We experimentally illustrate the realization of both radially and
azimuthally polarized vortex beams using such concentric-ring patterned magnetic
metamaterials. These results contribute to the advanced complex light manipulation with
optical metamaterials, making it one step closer to realizing the simultaneous control of

polarization and orbital angular momentum of light on a chip.
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he emergence of optical metamaterials (MMs) and
metasurfaces opens new opportunities for manipulating
the light beams on the micro- and nanoscale.' The
metamaterials and metasurfaces are artificial, subwavelength-
structured materials with unconventional electromagnetic
properties, such as artificial magnetism, anisotropic hyperbolic
dispersion, negative index of refraction, and near zero
permittivity or permeability.”~” By virtue of these extraordinary
properties, MMs enable new prospects for tailoring the
properties of light beams, including not only intensity profile,
but also phase front and polarization properties. These new
capabilities may find applications for developing a variety of
compact photonic devices and systems, such as optical tweezers
or on-chip signal processing systems.g_15
Until recently, a majority of the demonstrated nanoscale
structured light sources and converters were designed to
manipulate either the polarization or the orbital angular
momentum (OAM) of a light beam. However, the possibility
of manipulating both the OAM and polarization states and, in
particular, the possibility of generating azimuthally or radially
polarized OAM beams as well as vector vortices with complex
hybrid polarization, would open new degrees of freedom for a
variety of future nanophotonic applications.'™2°
The simultaneous change of polarization and phase front can
be introduced by transmitting the light beam through an
anisotropic and inhomogeneous medium, in which the two
originally independent physical characteristics of the beam—
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the polarization and phase front, or more specifically, the spin
angular momentum (SAM) and the OAM—may become
intercoupled. A general approach to phase manipulation based
on the space-domain Pancharatnam—Berry phase**> was first
introduced by Hasman et al. In such so-called Pancharatnam—
Berry phase optical elements (PBOEs), the phase change
originates from the geometrical phase that accompanies space-
variant polarization manipulation rather than from optical path
differences like in conventional diffractive and refractive
elements.'***™> Scalar and vector vortices with arbitrary
OAM can be produced by the specially designed PBOEs
including metallic nanorods, V-shaped nanoantennas, and
nanogratings, with certain optical axis orientations and
patterns 810127 14162023,26729 Hywever it is still challenging
to design structures to generate optical vortex beams with
tunable vector polarization, since a specific PBOE structure
usually can only generate a particular, predesigned polarization
distribution.

In order to realize optical vortices with tunable vector
polarization, here we propose and demonstrate magnetic MM
cavities that can act as either electrical or magnetic polarizer
depending on the light wavelength and MM cavity design.'**°
Their unique properties are enabled by ring-shaped, metal—
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Figure 1. (a, b) Schematics of magnetic MM cavities in straight grating and concentric-ring patterns, respectively. (c) The schematic of transmission
anisotropy of typical magnetic MM cavities shows distinct features in off/on-resonance condition.

dielectric—metal MM cavities: at a wavelength corresponding to
the magnetic resonance of the three-layer cavity, circularly
polarized light is converted into an azimuthally polarized vortex
beam; at the wavelength far from the magnetic resonance, the
structure acts as a concentric ring based polarizer that was
shown to convert a circularly polarized beam into a radially
polarized vortex.!' As a result, properly designed concentric-
ring patterned three-layer structures can enable a new way of
converting circularly polarized light with a plane wavefront into
vector vortex beam with either radial or azimuthal polarization.

In this paper, we fabricate the proposed concentric-ring
patterned magnetic MM cavities and demonstrate the
possibility of converting the input circularly polarized light
into various vector vortex states. The radially polarized vortex
beam is generated by the “off-resonance” condition of the
magnetic MM cavity, while the azimuthally polarized vortex
beam is generated by the “on-resonance” condition. The off-
and on-resonance conditions are determined by the light
wavelength and the parameters of the concentric-ring patterned
structure. As a result, either by changing the operation
wavelength, or alternatively, by varying the structural
parameters of the magnetic MM cavity, the concentric-ring
patterned magnetic MM cavities can be used as efficient SAM—
OAM converters that transform the circularly polarized light
into an OAM beam with either a radial or azimuthal
polarization state.

Here we propose to design the PBOE based on the
concentric-ring patterned magnetic MM cavities. Such a device
will be shown to convert circularly polarized beam into a vector
vortex with either radial or azimuthal polarizations. Figure la
shows a typical magnetic MM cavity consisting of a pair of
metal stripes separated by a dielectric spacer, arranged in a
subwavelength periodic array. The physical mechanism of this
structure has been extensively studied in previous liter-
ature.”*'%*° Under the illumination of transverse magnetic
(TM) polarization, where the magnetic field is parallel with the
strips, the magnetic field excites a circulating current loop
between the top and bottom metal strips around the dielectric
spacer, which can induce a magnetic resonance. The magnetic
resonance leads to a possibly negative effective permeability,
and a transmission minimum near the resonance in the on-
resonance condition. Under the illumination of transverse
electric (TE) polarization, on the other hand, no optical
resonance is supported, and the structure resembles a diluted
metal with a generally low transmission. The transmission
anisotropy of the structure, which is defined as the transmission
of TM-polarized light divided by that of TE-polarized light, will
show a high-level flat curve in the off-resonance condition, and
exhibit a minimum in the on-resonance condition, as shown in
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Figure lc. As a result, the magnetic MM cavities function as
double-axis gratings by exploiting both the electric field and
magnetic field of light. In the off-resonance condition, the
magnetic MM cavity acts as an electric grating, which blocks the
electric field component parallel to the metal stripes; and in the
on-resonance condition, the magnetic MM cavity acts as a
magnetic grating, which blocks the magnetic field component
oriented in parallel with the metal stripes. The location of the
resonant wavelength of the magnetic MM cavity is mainly
determined by the cavity width, while it has little dependence
on the grating period.

As shown in Figure 1b, in order to generate radial and
azimuthal polarization distributions, the magnetic MM cavities
are arranged in concentric-ring grating patterns such that they
would block either the azimuthal polarization component in the
off-resonance condition or radial polarization component in the
on-resonance condition. Following the PBOE principle, this
structure is able to convert a circular polarized beam into an
optical vortex beam with either the azimuthal or radial
polarization depending on the wavelength.

The basic principle of radial SAM-to-OAM converter can be
understood from simple Jones matrix calculations.'®"!
Considering a left-handed (or right-handed) circularly polarized
beam, we find that the concentric ring structure would perform
the following transformation:

Erncruc) = P(r)(e, + jey)/ﬁ
= P(r)[(cos @e, — sin goet/,)
+ j(sin @e, + cos (peq,)]/\/i

= P(r)e?(e, + je,) /N2 1)
where P(r) and ¢ represent the amplitude profile and the
azimuthal angle in the transverse plane of the incident beam. e,,
€y €y and e, are the unit-vectors in x, y, radial and azimuthal
directions. Equation 1 indicates that the output beam acquires a
vortex phase (charge +1 or —1) and it may contain both
radially and azimuthally polarized components. As discussed
above, in the off-resonance state, the transmittance of the
radially polarization component is much higher. As a result, a
mostly radially polarized vortex beam is expected to be
observed at the output end. On the contrary, in the on-
resonance state, the magnetic grating will suppress the radial
electric field component, resulting in an azimuthally polarized
vortex beam at the output end.

In our experiments, a 633 nm HeNe linearly polarized laser
was used as the light source, and the magnetic MM cavities with
different structural parameters have been designed to make the
corresponding on-resonance and off-resonance samples at 633
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Figure 2. (a, d) The SEM images of the top view and cross-section of the fabricated linear grating magnetic metamaterials. (b, e) The simulated
magnetic field and electric displacement distributions under TM polarization, and (c, f) the measured and simulated transmission anisotropy curves

of the magnetic MMs cavities in the straight grating patterns.

nm. The three-layer structure consisting of Ag—SiO,—Ag was
deposited on the glass slide with the sputtering method, where
Ag is deposited at a rate of 0.4 A/s and SiO, is deposited at 0.2
A/s. The thickness of each layer was 40 nm, and a surface
protection layer of S nm SiO, was also deposited on top of the
three-layer structure. Next, the straight and concentric-ring
grating patterns were milled in the multilayers using the focus
ion beam (FIB) lithography system. For all of the following
experiments, the light beam was always transmitted such that it
was entering in the direction from the glass side to the
multilayer side.

The magnetic MM cavities with straight grating patterns
were fabricated and tested first to confirm that the transmission
characteristics of the samples with structural parameters
optimized for the off-/on-resonance samples agree with
numerical simulation results, and then the same structural
parameters were used to design and fabricate concentric-ring
cavities. The following optimized structural parameters for the
magnetic MM cavities were used: the on-resonance samples
had the grating period of 300 nm and the cavity bottom width
of 150 nm, while the off-resonance samples had the period of
200 nm and the cavity bottom width of 120 nm. Figure 2a and
d show the fabricated straight grating patterns for both the off-
resonance and on-resonance samples, and the corresponding
measured transmission anisotropy curves are shown in Figure
2¢ and f compared with numerical simulation results.

The numerical simulations were performed using the finite
element method (COMSOL Multiphysics). Based on the SEM
image analysis, we measured the side wall angle of the
trapezoidal shape of the magnetic MM cavity to be
approximately 75° for the off-resonance sample and 70° for
the on-resonance sample. The structural parameters of cavity
width and period are also obtained from the SEM images. The
permittivities of Ag and SiO, and the film thicknesses in the
multilayer structure are characterized with the variable angle
spectroscopic ellipsometry (VASE), and the measured values
are employed in the simulations. It is noteworthy that the

surface protection layer of 5 nm SiO, is also included in the
simulation. Figure 2b and e shows the magnetic field and
polarization distributions in TM polarization at 633 nm. The
characteristic feature of the magnetic resonance, a circulating
current loop formed between the top and bottom metal strips,
can be clearly observed in the case of the on-resonance sample
shown in Figure 2e. In contrast, the circulating current loop is
the absence in the off-resonance case shown in Figure 2b. The
optical transmission spectra through the fabricated samples in
the visible range were characterized with a setup including a
halogen white light source and a spectrometer to obtain the
transmission anisotropy. As shown in Figure 2c and f, the
measured transmission anisotropy curves agree well with the
simulation results for both the off-resonance and on-resonance
samples, which clearly validates our theoretic analysis of the
magnetic MM cavity as a double-axis grating controlled by the
magnetic resonance.

Based on these structural parameters determined from the
analysis of straight grating patterns, the corresponding off-
resonance and on-resonance samples of the concentric-ring
patterned magnetic MM cavities were fabricated and measured.
Figure 3 shows the experimental setup for measuring the
optical intensity and phase of the converted beam. The input
circularly polarized optical beam from the 633 nm HeNe laser
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Figure 3. Experimental setup for intensity and phase characterization
of the concentric-ring patterned magnetic MM cavities.
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was focused onto the sample at normal incidence and the
transmitted beam was recollimated with objective lenses. The
transmitted beam was then interfered with the linearly
polarized spherical reference beam to produce an interference
pattern which is conventionally used for the OAM beams
characterization.

Figure 4a and d shows the fabricated off-resonance and on-
resonance samples of the concentric-ring patterned magnetic

]
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Resonance
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Figure 4. (3, d) The SEM images of the fabricated concentric-ring
samples. (b, e) The recorded intensity distributions, and (c, f) the
corresponding interference patterns at the wavelength of 633 nm.

MM cavities. During the FIB milling process, each concentric-
ring sample was divided into four sections so that the section
boundary lines due to slight stitching mismatch can be seen in
the SEM images. The intensity distributions of the transmitted
beams captured by a CCD camera and interference patterns are
shown in Figure 4b, ¢, e, and f. The intensity distributions
found in Figure 4b and d have donut shapes around a dark spot
for both the off-resonance and on-resonance samples, while
their corresponding interferometry images exhibit single spiral
patterns following the same counterclockwise helical orienta-
tion. These results demonstrate that optical vortices with the
same OAM topological charge of +1 are produced from the
left-handed circularly polarized beam for both the off-resonance
and on-resonance samples.

The 3D numerical simulations of the concentric-ring
patterned magnetic metamaterial cavities were also performed
to compare with the experimental data, as shown in Figure S. In
the simulation, the structural parameters of concentric rings
were obtained from the SEM image analysis. A circularly
polarized plane-wave at 633 nm was incident normally to both
the off-resonance and on-resonance samples, and the trans-
mitted fields were calculated. The color maps in Figures Sa and
c represent the intensity distributions of the near-field
transmitted optical vortex beams, while the arrows represent
the polarization distributions. The arrow distributions in a and ¢
clearly show that the beam is radially polarized in the case of
the off-resonance sample and azimuthally polarized in the case
of the on-resonance sample. As seen in Figure Sb and d, the
phase of the corresponding vector polarization changes from
—m to 7 in both cases, indicating that the beam possesses the
OAM with the topological charge of 1.

Finally, the polarization analysis for the transmitted vector
vortices was performed experimentally by placing a linear
polarization analyzer right before the CCD camera. As shown
in Figures 6 and 7, for both the off-resonance and on-resonance
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Figure S. Simulation results of the beam output from the concentric-
ring patterned magnetic MMs cavities. (a, c) The intensity and
polarization profiles of the transmitted vector vortex beams. (b, d) The
phase distributions of the corresponding vector polarization showing
the phase variations from —7 to 7.

samples, the transmitted images after passing through the linear
polarization analyzer always exhibit two-lobe shapes, rotating
with the analyzer rotation. The central dark lines in the off-
resonance case are nearly perpendicular to the polarization
analyzer axis, signifying the radial polarization of the vortex
beam, while the dark lines in the on-resonance case are nearly
parallel with the analyzer axis, suggesting the azimuthal
polarization of the vortex beam. These experimental results
demonstrate the vector polarization distributions, which agree
with the simulation results shown in Figure Sa and c.

It is noteworthy that the measured optical vortex images have
asymmetric intensity distributions. Besides the deviation
between the realistic experiment and the theoretical analysis,
a more important reason can be attributed to the limited
extinction ratio of the transmission anisotropy for the magnetic
MM cavities. According to the PBOE principle, when a
circularly polarized beam transmits through perfect linear
polarizers, the phase shift difference between two angled
polarizers is equal to this orientation angle. However, the
magnetic MM cavities in both off-resonance and on-resonance
conditions have only limited transmission anisotropy in the
fabricated samples, so that the polarization distribution of the
transmitted beam is not perfectly linear but elliptical after
passing through the polarization analyzer. Therefore, the phase
shift difference between the transmitted beams from two angled
magnetic MM cavities is less than their orientation angle,
causing the overall azimuthal phase gradient induced by the
concentric-ring patterned cavities to be marginally less than 27.
Consequently, the generated optical vortex beams have
noninteger topological charges of OAM. Previous studies
suggest that optical vortices with noninteger charges of OAM
are not stable”' and the singularity is likely to be split by the
optical scattering. Each of the split singularities has an integer
charge, which makes the overall beam as composite vortices
with an asymmetric intensity profile.*>** However, this minor
intensity asymmetry of the beam can be cleaned afterward as it
is done in many structured light experiments.

In summary, we designed and demonstrated the concentric-
ring patterned magnetic MM cavities enabling spin-to-orbital
angular momentum conversion and generation of vector beams
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Figure 6. Measured beam intensity profiles after passing through a rotating linear polarization analyzer for the case of the off-resonance sample. The
white arrows represent the orientation angles of the analyzer from 0 to 77/8.

Figure 7. Measured beam intensity profiles after passing through a rotating linear polarization analyzer for the case of the on-resonance sample. The
white arrows represent the orientation angles of the analyzer from 0 to 77/8.

with an OAM. The generated vector polarization states are
determined by the frequency of the light beam with respect to
the magnetic resonance frequency of the magnetic MM cavity.
The vector vortex beams with adjustable vector polarization
states may find applications that involve cylindrical waveguides,
such as optical fibers, potentially allowing the utilization of both
polarization and OAM for high-capacity optical communica-
tions. The ultracompact footprint of the proposed device is
readily compatible with the future nanophotonics circuits,
optical trapping, and manipulation devices.
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