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1.

Objectives

The overarching goal was to investigate theoretically and experimentally the interaction of chiral light (i.e.
circularly and elliptically polarized) with both individual and ensembles (i.e. metasurfaces) of chiral
nanoparticles/nanostructures, engineered using advanced nanofabrication techniques and measured with
broadband (visible to near infrared) far field and nearfield imaging techniques. This includes: (1) an in-
depth study of chiral holograms and their ability to project vastly different images depending on the chirality
of light; (2) multispectral chiral imaging with a metalens; (3) chiral spectrometer functionalities with
metalenses; (4) intrinsic chiro-optical activity in planar dielectric nanostructures; (5) metasurface
polarization optics; (6) Spin-to-orbital angular momentum conversion in metasurfaces

Summary of accomplishments

The fundamental element for these studies is an anisotropic nanofin acting as a half wave plate. The response
of this structure is inherently chiral meaning that for incident circular polarization of one chirality (e.g. right
circularly polarized) the transmitted light gets entirely converted into light of the opposite chirality (e.g. left
circularly polarized. Most importantly the transmitted field acquires a phase factor exp(2ia), known as Berry
phase, where a is the rotation angle of the fin with respect to an arbitrary reference axis. Thus, differently
oriented fins assembled in a subwavelength spaced array (metasurface) can be arranged to create arbitrary
phase profiles ¢(x,y) depending on the distribution of the rotation angle a(x,y). For example, if o(x,y)=q0
where 0 is the azimuthal angular position a vortex beam with a helical phase exp(i2q0) will be created.
Similarly, the phase profile of a lens and in general any hologram can be created by choosing the proper
arrangements of the fins. In these examples every nanofin was assumed to have the same propagation phase,
so that the wavefront is only affected by the Berry phase. If the former is also changed with position an
additional design degree of freedom is created that can be used to create a whole new class of phase plates
with local control of the nanofins shape birefringence. In this way the polarization of light can be locally
controlled in addition to the phase and amplitude making it possible to explore new forms of structured light
and new design functionalities. Many of these possibilities where explored in this contract leading to
discovery of new optical phenomena and the realization of new optical components.

Broadband and chiral dielectric holograms

Shaping the wavefront of light is the basic principle of any optical component and has been accomplished
iin phase holograms by locally modulating the phase of incident light. Traditionally, phase modulation has
been achieved by spatially modifying the refractive index of a bulk host medium. Using subwavelength
resonators/ scatterers metasurfaces enable wavefront modulation in a thin and compact configuration.
These are very crucial for realization of miniaturized multifunctional optical components, which are in high
demand for applications ranging from mobile devices to space mission apparatus where the combination
of high quality and small footprint is demanding. However, in most metasurfaces implementation, the
wavelength response is highly dispersive limiting in fact their operation bandwidth. Here, we engineered
the dispersive response of dielectric waveguides to realize efficient and broadband holographic devices.

Multispectral chiral imaging with a metalens

Most biologically active compounds, ranging from amino acids to essential nutrients such as glucose,
possess intrinsic handedness. This in turn gives rise to chiral optical properties that provide a basis for
detecting and quantifying enantio-specific concentrations of these molecules. However traditional
chiroptical spectroscopy and imaging techniques require cascading of multiple optical components in
sophisticated setups to extract information from specimens. We have demonstrated a planar lens with an
engineered dispersive response, which simultaneously forms two images with opposite helicity of an object
within the same field-of-view. In this way, chiroptical properties can be probed across the visible spectrum
using only the lens and a camera without the addition of polarizers or dispersive optical devices. Using this
planar lens, we mapped the circular dichroism of the exoskeleton of a chiral beetle, Chrysina gloriosa,
known to exhibit high raflectimityioflafbetrsulanlyopeladzedlightarsttehigh spatial resolution limited only



by the numerical aperture of the lens. Our results demonstrated the potential of metasurfaces in realizing a
compact and multifunctional device with unprecedented imaging capabilities.

C. Ultra-compact visible chiral spectrometer with metalenses

Conventional compact spectrometers have a fixed spectral resolution and cannot resolve the polarization
properties of light without additional optical elements, while their larger counterparts are bulky and costly.
We demonstrated multiple off-axis meta-lenses in the visible integrated on a single planar substrate. They
possess both focusing and strongly dispersive properties and are designed to provide different spectral
resolutions as well as working wavelength ranges on the same chip. We realized a compact spectrometer
using only these meta-lenses and a CMOS camera and achieved detector-limited spectral resolutions as
high as 0.3 nm and a total working wavelength range exceeding 170 nm for a beam propagation length of
only a few cm. In addition, this spectrometer has the capability to resolve different helicities of light in a
single measurement. This chip-camera setup represents the most compact configuration so far achieved for
a spectrometer with similar performance and functionality, and its compatibility with large-scale fabrication
processes makes it broadly applicable.

D. Giant intrinsic chiro-optical activity in planar dielectric nanostructures

The strong optical chirality arising from certain synthetic metamaterials have important and widespread
applications in polarization optics, stereochemistry and spintronics. However, these intrinsically chiral
metamaterials are restricted to a complicated three-dimensional (3D) geometry which leads to significant
fabrication challenges, particularly at visible wavelengths. Their planar two-dimensional (2D) counterparts
are limited by symmetry considerations to operation at oblique angles (extrinsic chirality) and possess
significantly weaker chiro-optical responses close to normal incidence. Here we address the challenge of
realizing strong intrinsic chirality from thin, planar dielectric nanostructures. Most notably, we
experimentally achieve near-unity circular dichroism with approximately 90% of the light with the chosen
helicity being transmitted at 540 nm wavelength. This is the highest value demonstrated to date for any
geometry in the visible spectrum. We show that the excitation of higher-order multipoles is responsible for
the giant circular dichroism.

E. Metasurface polarization optics: independent phase control of arbitrary orthogonal states of polarization

We have recently presented a method that allows for the imposition of two independent and arbitrary phase
profiles on any pair of orthogonal states of polarization—linear, circular, or elliptical—relying only on
simple, linearly birefringent wave plate elements arranged into metasurfaces. Using this approach, we
demonstrated chiral holograms characterized by fully independent far fields for each circular polarization
and in addition elliptical polarization beam splitters, both in the visible. This approach significantly expands
the functionality of metasurface polarization optics.

F. Spin-to-orbital angular momentum conversion in dielectric metasurfaces

Helical beams (known also as vortex beams) are a variety of chiral beams characterized by a helical
wavefront and a phase singularity point on the propagation axis that results in a doughnut-like intensity
profile. Spin-to-orbital angular momentum conversion has attracted considerable interest as a tool to create
vortex beams. In this process, the geometrical phase is exploited to create helical beams whose handedness
is determined by the circular polarization (left/right) of the incident light, hat is by its spin. We demonstrated
high-efficiency Spin-to-Orbital angular momentum-Converters (SOCs) at visible wavelengths based on
dielectric metasurfaces. With these SOCs we generated vortex beams with high and fractional topological
charge and showed for the first time the simultaneous generation of collinear helical beams with different
and arbitrary orbital angular momentum.

G. Arbitrary spin-to-orbital angular momentum conversion of light

Optical elements that convert the spin angular momentum (SAM) of light into vortex beams have found
applications in classical aRtb BTN RistisTirssereieraeiasouBlikMlaaseorbital angular momentum (OAM)



3.

A.

converters, are based on the geometric phase and only permit the conversion of left- and right-circular
polarizations (spin states) into states with opposite OAM. We present a method for converting arbitrary SAM
states into total angular momentum states characterized by a superposition of independent OAM. We design
a metasurface that converts left- and right-circular polarizations into states with independent values of OAM,
and another device that performs this operation for elliptically polarized states. These results illustrate a
general material-mediated connection between SAM and OAM of light and may find applications in
producing complex structured light and in optical communication.

Detailed Accomplishments

Broadband and chiral dielectric holograms

We use a dispersion free phase shift mechanism based on Berry’s phase concept enabling holograms to
preserve their functionality across a wide spectral range (from visible to near infrared). Our devices are
fabricated by etching silicon nano-structures on a glass substrate (Fig.1 (a), (b). These silicon nano-structures
work as building blocks of holographic devices and their birefringence provides additional control over both
linear and circular polarization. We demonstrate a chiral hologram in which the projected images depend on
the handedness of the incident beam (Fig. 1 (¢). Efficiency as high as 75% is experimentally achieved in the
near infrared region. Our approach introduces a facile platform for realization of broadband and versatile
thin and flat optical components.
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Fig. 1. Chiral hologram. (a) False colored scanning electron micrograph (SEM) of four pixels of the hologram. Each
pixel consists of two parts: in purple, those that impart the required phase map for letter “L” and in green, those for
the phase map for letter “R”. Nanofins have width W=85 nm, length L= 350 nm, height H=7000 nm, and center-to-
center distance of 500 nm. The scale bar is 1 um. (b) Tilted-view: SEM image of the hologram. The scale bar is 1um.
(c)-(e) Images in the +1 diffraction order (false colored) generated by the chiral hologram under different incident
polarizations at A=1350 nm. Chiral hologram illuminated by (c) right-circularly (d) left-circularly and (e) linearly
polarized light resulting in the appearance of the letters “R”, “L” and “RL”, respectively.

Multispectral Chiral Imaging with a Planar Lens

Chiroptical spectroscopy and imaging is essential for extracting structural and functional properties of
biological species at both molecular and bulk levels. However, such imaging and spectroscopy systems
require cascading of multiple optical components to extract valuable chiral and spectral information from a
specimen. We demonstrated a planar chiral lens capable of performing chiroptical spectral analysis with
nothing more than a CCD camera. Our results demonstrate the potential of a metasurface in realizing a
compact, multifunctional device with unprecedented imaging performance. We have designed a meta-lens
based on titanium dioxide nanostructures that forms two images of opposite helicities. Figure 1(a-e) shows

the design and fabricatiof? BHR/E OH AN BERHPHipaPBRVEA RSN BJeARAce the fin rotation angle.



Pe— > si0,

e
(XinL» YinL» Zimt)

(¥ob Yob s Zon)

(i Yink» Zin)

Fig. 2. Multispectral chiral lens (MCHL). Left Panel: (a) The building block of the MCHL consists of two nanofins
on a glass substrate. (b) Top-view of the building block where S\=300 nm and S,= 600 nm. The blue and green nanofins
impart the required phase profile required to focus right-circularly polarized (RCP) light and left-circularly polarized
(LCP) light, respectively. Phase realization is based on the geometric phase by means of nanofin rotation. (c) Top-view
of a nanofin denoting its length L=250 nm, and width W=80 nm. (d) Side-view of a nanofin showing its height H= 600
nm. (e) Schematic diagram illustrating the imaging principle of the MCHL where RCP and LCP light from the same
object at coordinates (xos=0, yor=0, zos=-18 cm) are separated and then focused into two spots, (Ximz, Yimz, Zimz) and (Ximr,
Vimg, Zimr)- Coordinates of these spots are wavelength dependent due to dispersive design of the MCHL.

Right Panel:(a)-(c) The meta-lens forms two images of the beetle in the same field of view on the color camera. The
left (right) image is formed by focusing left (right)-circularly polarized light reflected from the beetle. Illumination was
provided by green (a), blue (b), and red (c) LEDs paired with 10 nm bandpass filter centered at 532 nm, 488 nm and
620 nm, respectively.

For imaging of a biological specimen across the visible range, we chose Chrysina gloriosa, a chiral beetle
with naturally strong circular dichroism (CD). Figure 3(a) shows that the meta-lens simultaneously forms
two images of the beetle on the camera chip. These images have opposite helicity and their contrast reveals
a very strong CD of the beetle exoskeleton. The latter experiment was done under green LED illumination,
and repeated for blue and red LEDs as shown in Fig. 3(b) and Fig. 3(c), respectively.

Ultra-compact visible chiral spectrometer with meta-lenses

We realized a spectrometer based on efficient off-axis metasurface lenses using titanium oxide
nanostructures (Fig. 3 (a)). By stitching four off-axis focusing lenses with different focusing angles on a
substrate, we achieved high dispersion and spectral resolution within a short propagation distance.

Since these nanostructures impart the desired phase profile using the geometric (Berry) phase, such a device
is also chiral — it can distinguish between different helicities of incident circularly polarized light and
resolve the spectrum in a single measurement. Since these metalenses act as both focusing and dispersive
element, the overall footprint of the spectrometer including the CMOS sensor is significantly reduced and
represents the simplest possible configuration for a spectrometer.

The metasurface design is based on form-birefringent half-wave nanofin structures comprising of TiO,
rotated to provide the required lens phase profile, as previously discussed. We fabricated four metasurface
lenses on the same substrate, as shown in Fig. 4(b). The lenses are designed in this way to provide spatially
separated focal spots on the same field of view of a CMOS camera, while possessing different spectral
resolution, effective working range and different helicities of circular polarization. Two focal spots
belonging to one helicity are characterized as shown in Fig. 4(c), demonstrating diffraction-limited
focusing.

DISTRIBUTION A: Distribution approved for public release.
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Fig. 4. Off axis metasurface lens (a) Scanning electron microscope (SEM) micrograph of off-axis metasurface lens.
Scale bar: 800 nm. (b) Camera image of fabricated meta-lenses on a glass substrate, under white light illumination. A
total of four lenses are made; high (0.22) and low (0.2) NA for each helicity of circular polarized light. Other
parameters such as focal length and focusing angle are labeled. (c¢) Image of focal spots (left) captured by CMOS
camera and their corresponding horizontal cuts (right). The focal spot spots (left images) are from the high NA (top)
and low NA (bottom) lenses, respectively.
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Fig. 5. Spectrometer set up (a) Camera image of the metasurface in a spectrometer setup. (b) Image of focal spots
(left) and their corresponding horizontal cuts (right) at 532 nm illumination, following the configuration in (a). Cuts
shown are for two spots belonging to lenses of different NA, with the same helicity. Focal spots from the opposite
helicity are seen below. (c) Stitched image of focal spots at 532nm for different incident polarizations, by rotating a
zero-order single wavelength (532 nm) quarter waveplate after a linear polarizer. The intensities of the RCP and LCP
spots are observed to be slightly different due to fabrication imperfections as they are focused by different meta-lenses.
Scale bar: 100 pm. (d) Further quantification of the chiral sensitivity of the device, showing the normalized $3/S0
Stokes parameter as a function of wavelength measured by the meta-spectrometer (blue), a commercial polarimeter
(red), and theoretical calculation (black) from the known waveplate retardance. It exhibits a decrease in S3/S0 since
the single wavelength waveplate is not designed to be achromatic, i.e. its retardance changes as a function of
wavelength.

Figure 5 shows the fabricated meta-lenses mounted in a spectrometer configuration and their performance.
Figure 5(c) and (d) demonstrate explicitly the polarization dependent focusing properties of this hyper-
spectrometer. The polarization of the incident light is controlled using a linear polarizer and zero-order
single wavelength (532nm) quarter waveplate. In Fig. 5 (c), as the incident light polarization is changed by
rotation of the quarter waveplate, the respective focal spots exhibit strong intensity variations, i.e. light of
different helicities are distinguished by the (chiral) meta-lenses and selectively focused onto different
spatial regions on the camera. Next, we obtained the various S; Stokes parameters (which provides direct
information on the degree of circular polarization) normalized to incident light intensity Sy at different
wavelengths using the meta-lenses and compared them to the results of a commercial polarimeter and
analytical calculations (Fig. 5(d)). We observe that the measured values are in good agreement with both
the values measured by the polarimeter and analytical predictions based on known retardance data.

Giant intrinsic chiro-optical activity in planar dielectric nanostructures

A key requirement for observing chiro-optical effects is the superposition of the radiated fields from both
electric and magnetic responses in a structure under illumination (Fig. 6 (a-c). This can be achieved with
any three dimensional (3D) chiral metamaterial, as the vertical part of the structure supports electric current
loops which generate in-plane magnetic moments. The resultant radiation possesses field components
which have non-zero overlap, thereby resulting in polarization rotation and optical activity. This
phenomenon is known as intrinsic chirality. However, this suggests that intrinsically chiral objects are

constrained to possess a 3D B%eometry ~and they thus suffer from significant fabrication complexity,
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particularly at optical frequencies. Indeed, most of such works have occurred in THz and GHz regimes and
are non-scalable. Alternatively, it has been shown that chiro-optical effects can also be realized with planar
chiral metasurfaces, but only by restricting the external experimental configuration to oblique angles of
incidence or observation. This is known as extrinsic chirality and can be understood from symmetry
considerations as well as the superposition argument mentioned previously. However, the fact that their
chiro-optical responses vanish at normal incidence is a crucial limitation, particularly for applications such
as telecommunications.

Recently we have overcome the inherent limitations associated with both 3D and planar chiral
metamaterials by using planar dielectric gammadion nanostructures whose electromagnetic response is
dominated by exceptionally strong electric and magnetic higher order multipole responses in the visible
spectrum. In contrast to conventional wisdom, the chiro-optical response of these structures is intrinsic, i.e.
it manifests at normal incidence and does not depend on the direction of incident light. We show that
theoretically one can obtain close to unity circular dichroism with more than 95% of light of a given helicity
being transmitted; experimentally we measure close to 80% circular dichroism and polarization rotation
exceeding 100,000°/mm (Fig. 6 (d, e). These values not only exceed the state-of-the-art for chiral
metasurfaces by up to an order of magnitude, they are also comparable to 3D chiral metamaterials which
have far more complicated geometries and operate at much lower frequencies.
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Fig. 6. Chiroptical activity. a-c Illustrations of electric and magnetic moments generated in (a) a planar extrinsic
(also known as pseudo chiral) chiral metasurface, (b) an intrinsically chiral metamaterial, and (c) an optically thick
planar structure which exhibits intrinsic chirality, despite its planar geometry. This is the subject of this work. d-e
Measured (d) circular dichroism values of the differential transmittance, and (e) polarization rotation of linearly
polarized light due to circular birefringence.

The design of the gammadion (Fig. 1(c)) is based on the concept of magnetic resonances in high-index,
optically thick (~ A) dielectric nanostructures. This allows one to generate strong in-plane magnetic
moments while maintaining a 2D geometry. The superposition of radiated fields from these magnetic and
electric responses of the chiral structures (Fig. 7) generates the chiro-optical effect. An additional
waveguiding layer using the same material (titanium dioxide) is introduced beneath the structures to
improve the transmission efficiency via guided mode resonances.

Experimentally we utilized a supercontinuum laser source at normal incidence with a commercial
spectrometer and polarimeter as detectors. Figure 6(d) illustrates the measured and simulated circular
dichroism spectrum corresponding to the Oth order transmittance (normal to the surface of the sample). We
obtain 80% circular dichroism at 540 nm, with about 87% of right circularly polarized light transmitted
through the sample. The incident left circularly polarized light is almost completely into the 1st diffraction
order by design.

DISTRIBUTION A: Distribution approved for public release.
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Fig. 7. Design and simulation of gammadion nanostructures. a, (Left) Schematic of the optical response of the planar
intrinsic chiral device comprising of TiO2 gammadions overlaid on a TiO2 thin film on a glass substrate. It transmits
normally incident RCP light (red helix) in the Oth order while diffracting LCP light (blue helix) into the 1st order. (Right)
Design parameters are w = 74 nm, 11 = 370 nm, 12 = 220 nm, hs = 340 nm, hwg = 300 nm. The unit cell size A is 500
nm. b, Tilted-view scanning electron micrograph of the fabricated structures. Scale bar: 500 nm. c,d, y-z cut-plane
showing the simulated in-plane magnetic field Hx (color plot) and the associated current distribution Jz+Jy (black
arrows) in the gammadion structures under (¢) LCP and (d) RCP incidence. The rectangular outline from z = 0.17 pm
to z = -0.17 um represents the gammadion structure, with subsequent layers below being the TiO2 waveguide and
substrate respectively. The difference in the number of antinodes of Hx within the structure illustrates its chiral behavior
due to different multipoles (quadrupoles and octupoles) when illuminated with different circular polarization states.

These values agree well with simulations. A peak polarization rotation of almost 60° for a combined structure
and waveguide thickness of 600 nm is achieved. As a reference, the polarization rotation of most natural
materials is on the order of degrees per mm.

Metasurface polarization optics: independent phase control of arbitrary orthogonal states of polarization

A metasurface composed of optical elements with shape birefringence, such as the rectangular nanofins of
Fig. 8, act as a different optical element depending on the polarization of incident light. From a technological
standpoint, this exciting capability allows for a new class of polarization-switchable optical components. In
this work, we showed that the geometric and propagation phases used in tandem allow for the imposition of
arbitrary phase profiles on any two orthogonal polarization states (linear, circular, or elliptical), significantly
expanding the scope of metasurface polarization optics and allowing for new polarization switchable
metasurfaces such as novel chiral holograms.

We begin by considering the propagation phase alone. At each point on a metasurface, the characteristic phase
shifts ¢« and ¢, imposed by an element can be individually tailored by adjusting its shape while its angular
orientation 0 is held fixed. In this way, arbitrary and independent spatial phase profiles can be imposed on any
set of orthogonal, linear polarizations using the so-called propagation (or dynamical) phase [Fig. 8(a)]. The
propagation phase is one of two means of imposing polarization-dependent phase. The other, the geometric
phase, stems from polarization change (Fig. 8b).

In contrast to previous designs using propagation or geometric phase alone, this allows for metasurfaces
imparting fully independent phase profiles separately on each of any two orthogonal polarizations (including
circular and elliptical). It can be understood as a unification of the propagation and geometric phases in a
single element. Desired phases can be imparted on any set of orthogonal polarization states by modifying an
element’s shape birefringence and angular orientation simultaneously [Fig. 8(c)].

DISTRIBUTION A: Distribution approved for public release.
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Fig. 8. Conceptual schematic of combining propagation and geometric phase. (a) At each point (x,y) on a
metasurface, the dimensions of a wave plate-like shape-birefringent element (inset) can be varied to impose unique
phases ¢« and ¢, on light linearly polarized along each axis. In this approach, which employs the propagation phase
alone, element dimensions are varied while the orientation angle 0 is held fixed. When each of two orthogonal, linear
input polarizations (red, on left) (b) Using the geometric phase alone, phase profiles of equal and opposite magnitude
can be imparted on the two circular polarizations. If elements with half-wave (7) retardance are rotated at angles 0(x,y)at
each point, one input circular polarization (red, on left) will pick up a phase of 28(x,y) and the other —26(x,y) with each
changing handedness upon reflection or transmission (green, on right). Here, element dimensions are fixed and the
orientation 0 is varied. (c) By varying both element dimensions and 6 over the extent of the metasurface—that is by
combining the geometric and propagation phases—we show that arbitrary and independent phase profiles ¢(x,y) can be
imparted on any set of orthogonal input states A* (red, on left). Each must flip handedness upon reflection or transmission
(green, right).
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Fig. 9. Chiral Holograms. (a) A single metasurface encodes two independent hologram phase profiles for each circular
polarization at A=532 nm. When illuminated with RCP (LCP), the metasurface projects an image of a cartoon dog (cat)
to the far field. Design images are shown in the schematic (top) and measured projections on a screen are shown below.
The dog (cat) occupies 17° (15°) of arc. The bright dot in the center of each represents zero-order light not coupling into
the metasurface due to fabrication imperfections and beam overfilling. (b) The metasurface encoding these holograms
was 350 x 300 um in size and contained 420 000 TiO2 pillars of elliptical cross section. Shown is an SEM of the device.
(c) Oblique view.

To demonstrate this arbitrary phase control for polarizations other than linear polarizations, we designed,
fabricated and tested a metasurface encoding separate holograms for RCP and LCP light (Fig. 9). The near-
field phase profiles yielding far-field intensity images of a cartoon cat and dog were computed using iterative
phase retrieval and a metasurface consisting of non-interacting, elliptical TiO2 pillars was designed to impose
these phase profiles independently on each circular polarization in transmission.

Spin-to-orbital angular momentum conversion in dielectric metasurfaces

Vortex light beams are used in many applications in optics, ranging from optical trapping to quantum
computing and telecommunications. A helical mode is an optical field whose azimuthal phase evolution along
the propagation axis (z) has the form exp[ilp], ¢ being the azimuthal angle and / (an integer). Vortex beams
carry an orbital angular momentum per photon of £7. Moreover, as any other light beam, circularly polarized
helical modes also carry a spin angular momentum per photon of £7, depending on the polarization
handedness. These features have found numerous applications in studying light matter interactions like
optical trapping where the angular momentum transfer represents a powerful manipulation tool to spin the
trapped objects as well as to control their orientation.

Fig. 10 Schematic of the working principle of a spin-orbital angular momentum converter. A left circularly
polarized beam with plane wavefront is turned into a right circularly polarized helical mode.

We have realized devices made of dielectric sub-wavelength resonators on glass substrates designed to
convert an incident Gaussian beam into a vortex beam with high-efficiency in the visible light spectrum (Fig.
10). Our devices exploit the geometrical phase principle to couple the light spin momentum of the incident
beam to the orbital angular momentum of the vortex beam. In such devices, the orbital angular momentum
of the vortex beam is related to the spin momentum of the illuminating light: switching the handedness of the
illuminating beam polarization (spin momentum) results in flipping the handedness of the vortex beam
topological charge. The way to impose a helical phase on an incident circularly polarized beam using a Berry
phase metasurface has been illustrated in the summary of accomplishments section.

Locking the vortex beam’s orbital angular momentum to the source beam’s spin momentum has unique
applications in quantum computing and communications.
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Fig. 11. Spin-to-orbital angular momentum converters (a) and (b), Scanning electron microscope image of TiO,-
based spin-orbital angular momentum (OAM) converters creating circularly polarized helical beams of OAM 1 and 2
respectively (scale bar = 650 nm). The insets show the devices observed in cross-polarization at the design wavelength
of 532nm. (c), Sketch (top view) of the interferometric setup used to characterize the devices. The interference of the
helical mode and the reference gaussian beam was monitored at port 1 by means of a CCD. The polarization state of the
beam after each optical element is sketched. The laser polarization is linear and perpendicular to the optical table. Light
becomes circularly polarized after the first quarter waveplate (QWP1). The helical mode generated by the device is
circularly polarized with opposite handedness. The helical mode after the polarization filter (QWP2 followed by LP2)
is linearly polarized parallel to the optical table. The reference beam in the lower arm of the interferometer becomes also
linearly polarized parallel to the optical table after passing through a half waveplate (HWP) that rotates the polarization
direction by 90°. (d), Transverse intensity distribution of the vortex beam generated by the device of Fig. 11(a). This
beam has an OAM equal to 1. (e), Interference patterns obtained with tilted reference beam (pitchforks) or collinear
reference beam (spirals) in the setup of (c). The flipped features result from opposite handedness of the beam that
illuminates the device. (f), (g), Same as (d) and (¢) for the device in (b).

Arbitrary spin-to-orbital angular momentum conversion of light

Geometric phase elements of the type described in the previous section provide a direct connection between optical
SAM and OAM. These devices have broadened the applications of optical OAM, including its direct generation from
laser cavities and new quantum devices. Due to the symmetry of the design (only the constituent elements’ rotation
angles vary) all SOC demonstrated thus far have two inherent limitations. First, the output OAM states are not
independent; they are constrained to be conjugate values (+2q#). Second, the mapping from SAM is limited to circular
polarizations, only two of an infinite set of possible polarizations.

Here, we have demonstrated the design of an optical element that overcomes these limitations and provides conversion
from any orthogonal polarizations to completely independent OAM states. We refer to this as arbitrary SOC since there
are no restrictions on the two orthogonal input SAM states and output OAM states. This contrasts with previous SOC
devices that have used arbitrary to mean a device with any value of conjugate OAM, while still having the limitations
detailed above. We implement this design using metasurfaces because of their ability to control polarization and phase.
We examine the output fields of the device and show that this technique provides for arbitrary superpositions of two
TAM states. Because of its ability to map an arbitrary input SAM to two arbitrary output TAM states (where TAM is
typically represented by the VARIRIBYYIQN feRistiptiioneraQyad iPynyhligrelease.
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Fig. 12 Arbitrary spin-to-orbital angular momentum conversion. (A) Schematic of the concept for arbitrary SOC.
Light with an arbitrary spin state (elliptical polarization), A", propagating along the z-axis is incident on the J-plate. The
J-plate imprints a helical phase profile on the output beam resulting in orbital angular momentum (OAM) mh, where m
is any integer, and flips the handedness of the incident polarization. (B) For light incident on the same device with an
orthogonal polarization state A, the device imprints OAM of nh, where in general n is independent of m and again flips
the handedness of the polarization. (C) Schematic of typical J-plate design used to carry out the function in (A) and (B).
The units have a given height, h, (top inset) and by changing their width along the x and y directions, wx and wy (bottom
inset) the structures implement phase shifts given by 8 and &, respectively. Each unit is also allowed to have an
independent orientation angle, 8. (D) Required phase shifts, dx and Jy (top) and rotation angle (bottom) as a function of
the azimuthal coordinate ¢. The case plotted here is for designed input spin states that are left and right circularly
polarized and for OAM states m = +3 and n = +4. (E-G) Scanning electron micrographs of fabricated device for the case
of mapping from circularly polarized states to helical beams with OAM values of m = +3 and n = +4. The SEMs show
a top view (E) angled view (F) and zoomed view of the device center (G)

Figure 12 A and B show a schematic of the mapping carried out by the J-plate. We consider an incident paraxial beam
propagating along the +z-direction. If the incident beam is in some arbitrary polarization state A"+ ), which in general
is a superposition of spin eigenstates, we require the device to perform the transformation [A* )—exp(imo) |A" }* , that
is, the output has opposite handedness, and the beam has acquired an azimuthally-dependent phase factor exp(im¢),
where m is any integer (Fig 1A). The output beam has m helically-intertwined phase fronts (m# OAM) and an annular
intensity profile (Fig. 1A, right inset). If a beam in the orthogonal SAM state, |A" ), is incident on the same device we
require that it yields an independent OAM state. This is shown in Fig. 12B, where the mapping is [A )—exp(ind)|(X)*).
The output has acquired an azimuthal phase factor of exp(in¢) (OAM n#), independent of m.

We have derived the Jones matrix J that performs this mapping. It is easily found that J (¢) [A+) = exp(imo) |(A")*) and
J (@) &) = exp(ing) |(A)*), as desired. No traditional optical element can provide the required controllable and
continuous spatial variation of phase shifts, birefringence, and orientation angle of the fast axis. Metasurfaces, however,
which are composed of subwavelength-spaced, birefringent phase-shifters, allow for such control. This concept is
illustrated in Fig. 12 C. Nanostructures of TiO, are arranged periodically in two dimensions with a fixed height h (top
inset), while the phase shifts 6x and 9, on light linearly polarized along the elements’ symmetry axes are controlled by
varying the dimensions wy and wy. The orientation angle of each element 0 can also be independently varied (bottom
inset). An important distinction compared to SOC based on the geometric phase alone is that both the phase shifts and
orientation angles vary as a function of o, i.e., they are both spatially inhomogeneous, thus decoupling the output OAM
states and input SAM.

For circular polarization, x = n/4 and & = /2 and for any values of m and n, we can find analytical solutions for the
required phase shifts and orientation angles as a function of @, 6 = 1/4 (m — n) @; 6x = 1/2(m + n)¢, &y = 1/2(m + n)p —
n. In Fig. 12D, we plot these equations as a function of ¢ for m =+3 and n = +4. We plot the variation of the phase shifts

dx and dy, modulo 2x (Fig. 12D t%gé. We clee}rglﬁ/ see (m + n)2xw phase rollovers, also observed in the device design itself
(Fig. 1C). For the more geneP&FJ WHQN G FIPHBHIRD ARBIR B YRS 88560t yield succinct expressions and must



be calculated for specific values of m, n, %, and 6. To provide the most direct comparison to geometric-phase SOCs, we
first demonstrate a device that converts from circularly-polarized input states to two output independent OAM beams.
We choose the specific mapping to be [R) — |L) [+4) and |[L) — [R) [+3), as in Fig. 12. We write the azimuthal phase
factor exp(ime) as |m) for brevity and to highlight that the J-plate output is a TAM state, a direct product between SAM
and OAM states. The set of outputs from this J-plate can be represented on a sphere whose poles are the two output
TAM states and all other points are superpositions of these two states. This sphere that combines both SAM and OAM
is called the higher order Poincare” sphere (HOPS) in contrast to the traditional Poincare” sphere. Figure 13A shows the
HOPS for the case above. The poles correspond to R) |[+3) and |L) [+4). All other outputs correspond to a point on the
HOPS represented by the angular coordinates @ and ® (Fig. 4A). Figure 13 B-E show measured and calculated results
verifying the operation of the J-plate. The labels (i-vi) correspond to the states indicated by the blue circles on the HOPS
of Fig. 13 A. Figure 13 B(i) and (vi) and Fig. 4C(i) and (vi) show the measured and calculated intensities for incident
left and right circularly polarized light, respectively. These intensity profiles are single ringed annuli with zero intensity
as r — 0. The measured interference pattern corresponding to the intensities in Fig. 13 B(i) and (vi) are shown in Fig.
13D(i) and (vi). We observe 3 and 4 arms, in the spiral interference patterns which converge on the beam axis. Fig 13E(i)
and (vi) show the calculated phase distribution of the two states, whose phase have 3 and 4 multiples of 2n around the
azimuth. This is consistent with the two being pure OAM states and consistent with the two designed output states for
this J-plate, [+3) and [+4). Notably these values are not conjugate.
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Fig. 13 Experimental demonstration of mapping from circular polarizations to two beams with arbitrary values
of OAM. (A) HOPS representing all possible spin and orbital angular momentum states produced by a device that carries
out the mapping [R> — |L> |[4> and |[L> — |[R> [+3>. (B to E) Measured and calculated output states of the device. The
output states are produced by using incident polarizations including left- and right-circular polarizations and four
different linear polarizations. The states in (B) to (E), i to vi, are marked as blue circles on the HOPS in (A). (B) Measured
and (C) calculated intensity of the output states. Scale bar below shows normalized intensity. (D) Measured interference
and (E) calculated phase of output states. Scale bars below show (D) relative intensity and (E) the phase. (F and G)
Expanded view of measured interference and calculated phase of intensity of output state in (D), iii, and (E), III. The
dashed boxes highlight an additional vortex that results from the equal superposition of [+3>and |[+4> states. This vortex
results in (F) an off-axis fork in the interference pattern corresponding to (G) an additional off-axis 0 to 2p phase jump.
The scale bar shows the value of phase.
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