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Photonic spin-controlled
multifunctional shared-aperture

antenna array

Elhanan Maguid,'* Igor Yulevich,'* Dekel Veksler,"* Vladimir Kleiner,'

Mark L. Brongersma,> Erez Hasman't

The shared-aperture phased antenna array developed in the field of radar applications is a
promising approach for increased functionality in photonics. The alliance between the
shared-aperture concepts and the geometric phase phenomenon arising from spin-orbit
interaction provides a route to implement photonic spin-control multifunctional
metasurfaces. We adopted a thinning technique within the shared-aperture synthesis

and investigated interleaved sparse nanoantenna matrices and the spin-enabled
asymmetric harmonic response to achieve helicity-controlled multiple structured
wavefronts such as vortex beams carrying orbital angular momentum. We used multiplexed
geometric phase profiles to simultaneously measure spectrum characteristics and the
polarization state of light, enabling integrated on-chip spectropolarimetric analysis.

The shared-aperture metasurface platform opens a pathway to novel types of nanophotonic

functionality.

ultifunctional planar systems that can
perform a number of concurrent tasks
in a shared aperture were recently intro-
duced in the field of phased-array an-
tennas for radar applications. In particular,
modern radio frequency sensing, communication,
and imaging systems based on sparse phased-
array antennas are able to operate at different

frequency bands, polarizations, scanning directions,
etc. These capabilities are ascribed to subarrays
of elementary radiators, sharing a common phys-
ical area that constitutes the complete aperture
of the phased array (I-4). The shared-aperture
concept can be adopted to realize multifunctional
photonic antenna arrays. The recent implementa-
tion of metasurfaces, or metamaterials of reduced

dimensionality, is of particular relevance, as it
opens up new opportunities to acquire virtually
flat optics. Metasurfaces consist of a dense ar-
rangement of resonant optical antennas on a
scale smaller than the wavelength of external
stimuli (5-10). The resonant nature of the light-
matter interaction of an individual nanoantenna
affords substantial control over the local light scat-
tering properties. Specifically, the local phase pick-
up can be manipulated by tailoring the antenna
material, size, and shape, as well as environment-
antenna resonance shaping (17-15), or through
the geometric phase concept (10, 16-20). The latter
concept is an efficient approach for achieving
spin-controlled phase modulation, whereas the
photon spin is associated with the intrinsic angular
momentum of light (27). Such a geometric phase
metasurface (GPM) transforms an incident circularly
polarized light into a beam of opposite helicity,
imprinted with a geometric phase ¢4(x,y) =
26.6(2,y), where 6. = +1 denotes the polarization
helicity [photon spin in 7% units (% is Planck’s
constant A divided by 2n)] of the incident light,
and 0(z, v) is the nanoantenna orientation (22).
Here we incorporate the shared-aperture phased
antenna array concept and spin-controlled two-
dimensional (2D) optics based on nanoantennas.
By use of the geometric phase mechanism, the
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Fig. 1. Schematic of shared-aperture concepts. (A to C) Segmented (A), interleaved (B), and HR (C) 1D phased arrays. (D to F) Schematic far-field
intensity distribution of wavefronts with positive (red) and negative (blue) helicities emerging from segmented (D), interleaved (E), and HR (F) GPMs
composed of gap-plasmon nanoantennas (inset). Here, | denotes the topological charge of the spin-dependent OAM wavefronts [for more details,

see (22)].
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spin-orbit interaction phenomenon, a multifunc-
tional GPM,, is implemented (Fig. 1).

Photonic GPMs with spatially interleaved phase
profiles are designed by the random mixing of
optical nanoantenna subarrays, where each sub-
array provides a different phase function in a
spin-dependent manner. This approach makes
use of the peculiar ability of random patterns to
yield extraordinary information capacity and
polarization helicity control via the geometric
phase concept. We realized a high-efficiency
multifunctional GPM in which the phase and
polarization distributions of each wavefront are

independently controlled. These GPMs are based
on gap-plasmon resonator (GPR) nanoantennas
that consist of metal-insulator-metal layers that
enable high reflectivity by increasing the coupling
between the free wave and the fundamental res-
onator mode. Moreover, adjustment of the GPR
nanoantenna’s dimensions enables the design of
a high-efficiency half-wave plate (22, 23). For the
reflection mode of a single wavefront, we found a
diffraction efficiency of ~79%, which is in good
agreement with the theory (10, 18, 19) and the
finite-difference time-domain (FDTD) simulation
(fig. S1, D to F) (22). Then, to design a metasurface

generating multiple spin-dependent wavefronts
carrying orbital angular momentum (OAM), the
GPR nanoantennas were randomly distributed into
equal interleaved subarrays. The nanoantennas
of each jth subarray were oriented according
to the relation 20;(@,y) = kjz + [, to obtain
momentum redirection ¢.%; and topological charge
(winding number) c:/;; ¢ is the azimuthal angle
(Fig. 2A). We measured the far-field intensity dis-
tribution by illuminating the metasurface with
circularly polarized light at a wavelength of 760 nm,
and we observed three-by-two spin-dependent
OAM wavefronts with the desired topological
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Fig. 2. Multiple wavefront shaping via interleaved GPMs. (A) Scanning elec-
tron microscope image of a gap-plasmon GPM of aperture D = 50 um. (B and C)
Measured spin-flip momentum deviation of three wavefronts with different
OAMs. 6. denotes the incident spin. kg is the wave number of the incident beam.
(D and E) Interference pattern of the spin-flipped components with a plane wave,
observed from different GPMs generating OAM wavefronts of / = +1 (D) and | = 2
(E), for 6- and o illumination. (F) Observed angular width of plane waves emer-
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Number of channels, N

ging from shared-aperture GPMs of different types and numbers of generated
channels, corresponding to different colors. a.u., arbitrary units; rad, radians. (G)
Measured momentum deviations for the interleaved and segmented GPMs,
wherein the intensity distributions of nine channels in (F) are presented along the
dashed colored lines. (H and I) Efficiency per channel (H) and number of bits per
channel (1). Red dots and black triangles denote the calculation and experiment
results, respectively. The blue lines correspond to ~1/N?.
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Fig. 3. Spin-dependent asymmetric HR. (A) Scan-
ning electron microscope image of the fabricated
gap-plasmon HR GPM. (B) Geometric phase dis-
tribution of the entire HR GPM for o,. (C) Cal-
culated phase distributions along the 20-um dashed
line in (B) for - (blue) and o, (red). (D to I) Mea-
sured [(D) and (E)], FDTD-simulated [(F) and (G)],
and calculated Fourier amplitude [(H) and (1)] spin-
dependent HR diffractions of OAM orders, for right
(04 ) and left (o-) circular polarization illuminations
at a wavelength of A = 760 nm. The dim zero-order
spot arises from an additional harmonic of the
“triplicator” phase function and is of negligible ef-
ficiency (2%). (J) Efficiency per channel. Red dots
and black triangles denote the calculation and exper-
iment results, respectively. The blue line corresponds
to I/N.

charges of 0, 1, and +2 (Fig. 2, B and C), in
agreement with FDTD simulation (fig. S2). The
corresponding OAMs were verified by measuring
the dislocation strength by the interference of
the vortex beams with a plane wave (Fig. 2, D
and E). An additional peculiar twist in the field
of metasurfaces relies on space-variant polar-
ization manipulation, which may encompass a
broader class of wavefront shaping. An inter-
leaved GPM enables us to obtain multiple vectorial
vortices by coherent superposition of wavefronts
with opposite helicities (fig. S6 and movies S1
and S2) (22).

We used far-field measurements to experimen-
tally examine the angular resolution character-
istics of the interleaved and segmented GPMs.
In the segmentation approach, increasing the
number of wavefronts (V) results in an angular
width of A@ ~ /N -A/D, whereas for the inter-
leaved GPM it is approximately A/D for an arbi-
trary N, matching the diffraction-limited angular
resolution of the shared aperture of size D at a
wavelength A (Fig. 2, F and G, and figs. S4 and
S5). However, the above analysis does not hold
the promise to obtain high information capacity
for the interleaved approach, as it is also strongly
influenced by the noise originated from channels
mixing. The signal-to-noise ratio (SNR) determines
the available number of bits per channel as
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logyx(1 + SNR) and sets the limit IV, for the chan-
nel capacity when SNR = 1. To estimate the effect
of an incrementally growing number of wave-
fronts on SNR, the far-field intensity distributions
were calculated via Fourier transform (22). The
calculation shows that the SNR scales as 1/N2,
leading to a channel capacity limit of N, = 130
for the interleaved GPM of D = 50 um (Fig. 21).
Moreover, both the calculations and experiments
show that the intensity per channel decreases
according to 1/N? (Fig. 2H).

Unlike the interleaved GPM, the harmonic
response (HR) metasurface is not limited by the
intensity scaling of 1/N% The HR concept relies
on different optimization methods, iterative and
analytic, and has been implemented in a variety
of realms such as holography, communication,
and radar (24-26). To obtain spin-dependent
asymmetric harmonic diffraction orders, we in-
corporated the HR and geometric phase concepts.
The geometric phase function can be expand-
ed to spin-dependent OAM harmonic orders
Amexp[imos: (kx + ¢)] (Where A, is the ampli-
tude of mth order and 7 is the square root of 1),
where 6. mk is the momentum redirection of mth
order. The phase function can be optimized to
achieve identical intensities [Ap|> = 1/(b-a + 1)
for selected asymmetric orders a < m < b with
maximal optical efficiency. We adopted an op-

timized analytic solution [the “triplicator” (25)]
to realize a GPM (Fig. 3, A to C) providing three
spin-dependent asymmetric OAM harmonic or-
ders (22). The GPM was illuminated with right
and left circularly polarized light, and the spin-
dependent diffraction pattern consisting of mul-
tiple OAM harmonic orders of I. = o, 20, 30+
corresponding to m = 1, 2, 3 was observed (Fig. 3,
D and E). The diffraction patterns were verified
by the spin-dependent FDTD simulation (Fig. 3,
F and G) and by calculating Fourier amplitudes
(Fig. 3, H and I). The efficiencies of each order
were measured to be |4,,|*=0.21 with uniformity
of +0.01, leading to a total efficiency of ~63%, in
accordance with the intensity scaling of 1/N
(Fig. 3J) (22). Furthermore, we experimentally
confirmed that the HR approach is manifested
by diffraction-limited angular resolution of the
shared aperture (Fig. 2F, and fig. S7, B and F). In
light of the above, the HR concept constitutes a
suitable platform to realize a well-angular resolved
multibeam possessing negligible noise and thus
able to provide high information capacity, whereas
the interleaving approach suffers from the speckle
noise and is hindered by capacity reduction. On
the other hand, the latter approach offers high
flexibility in multifunctional wavefront gener-
ation, whereas with the HR concept, harmonic
sequence restricts this flexibility. Moreover, the
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reported spin-controlled multifunctional meta-
surfaces based on shared-aperture approaches
are studied in terms of information capacity by
means of Wigner phase-space distribution to
establish a link between the Shannon entropy
and the capacity of photonic system (fig. S8) (22).

Spectropolarimetry is an application for the
simultaneous measurement of the spectrum and
polarization state of light and is widely used to
characterize chemical compounds. Implementing
spectropolarimetric devices with metasurfaces
opens new avenues for on-chip detection. Re-
cently, on-chip chiroptical spectroscopy (27) was
presented, measuring the differential absorp-
tion between left- and right-circular polariza-
tions. The device used in this experiment is
unable to provide full polarization analysis. Fur-
thermore, it has been shown that a metasurface
allows for the simultaneous determination of
the Stokes parameters (i.e., the polarization state
of light) (28, 29) without consideration of the
spectral analysis. Here we propose a simple, fast,
and compact technique, based on an interleaved
GPM, that can simultaneously characterize the
polarization state and spectrum of a wave trans-
mitted through a semitransparent object. The
spectropolarimeter metasurface (SPM) is com-
posed of three interleaved linear phase profiles
((bgl) = oik; ¢g2 = Gtkyy; ¢g3 = Gikyy) asso-
ciated with different nanoantenna subarrays.
When a probe beam with an arbitrary polari-
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Fig. 4. Spectropolarimeter metasurface. (A) Sche-
matic setup of the spectropolarimeter. The SPM is illu-
minated by a continuum light passing through a cuvette
with chemical solvent, then four beams of intensities /5, .,
Is_, I 45, and I o are reflected toward a charge-coupled
device camera. (B) Predicted (red dashed curve) and
measured (blue circles) polarization states, obtained by a
polarization-state generator (a linear polarizer followed
by a rotated quarter-wave plate), depicted on a Poincaré
sphere. (C) Measured far-field intensities for elliptical
polarization at two spectral lines (with wavelengths of
740 and 780 nm) and (inset) the corresponding resolving
power (black line) and calculation (blue line) of the 50-pm
diameter SPM. (D) ORD for the specific rotations of p- and
L-glucose. Black squares and red circles represent the
measured ORD of p- and L-glucose, respectively. The blue

line depicts the dispersion acquired from (31).
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zation state impinges on the SPM, two beams
of intensities I;;,, consisting of opposite helicity
states, and two additional beams emerge. The
latter have identical polarizations, conjugate
with respect to the incident beam, and being
projected onto linear polarizers at 0° and 45°
determines the linearly polarized components
I1o and I45, respectively (Fig. 4A). The Stokes
parameters of the probed beam are then cal-
culated by the expressions (28) Sy = 2(I5, +
I )/n, 81 = 2I10/M = So, So = 20145/ — Sp,and
S; = 2(I;, — I, )/n, where the coefficient (n) is
determined by a calibration experiment (fig. S9).
The SPM of 50-um diameter was normally il-
luminated by a supercontinuum light source,
passing through the acousto-optic modulator,
which enables the tenability of various wave-
lengths. Figure 4B shows the measured and
calculated Stokes parameters on a Poincaré
sphere for an analyzed beam impinging the
SPM at a wavelength of 760 nm with different
polarizations, obtained by a polarization-state
generator (linear polarizer followed by a rotated
quarter-wave plate). The spectral resolving power
is defined according to the Rayleigh criterion
as A/AL = q/M,,>, where M,,? is the beam
quality parameter in each direction (z, ¥) and g
is the number of phase-modulation periods (30).
The resolving power of the SPM was measured
and found to be A/Ar=13 (Fig. 4C). The obtained
value is in good agreement with the calculated

resolving power for SPM with ¢ = 17 periods
and a laser beam quality of M, ,> = 1.3. We mea-
sured the optical rotatory dispersion (ORD) for
the specific rotations of p-glucose (chiral mole-
cule) and its enantiomer r-glucose that were
dissolved in water with predetermined concen-
trations (Fig. 4D) (22). The ORD of p-glucose
shows a good agreement with the values found
in the literature (31), whereas the r-glucose ORD
is manifested by the opposite behavior as ex-
pected. We achieved real-time on-chip spectro-
polarimetry by exploiting the interleaved GPM.
The reported alliance of the spin-enabled geo-
metric phase and shared-aperture concepts sheds
light on the multifunctional wavefront manip-
ulation in a spin-dependent manner. The intro-
duced asymmetric HR and interleaved GPMs
constitute suitable candidates to realize on-
demand multifunctional on-chip photonics.
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Orbital-exchange and fractional
quantum number excitations in
an f-electron metal, Yb,Pt,Pb

L. S. Wu,">% W. J. Gannon,">* 1. A. Zaliznyak,>* A. M. Tsvelik,> M. Brockmann,>¢
J.-S. Caux,® M. S. Kim,? Y. Qiu,” J. R. D. Copley,’ G. Ehlers,>

A. Podlesnyak,® M. C. Aronson®>*

Exotic quantum states and fractionalized magnetic excitations, such as spinons in
one-dimensional chains, are generally expected to occur in 3d transition metal systems
with spin 1/2. Our neutron-scattering experiments on the 4f-electron metal Yb,Pt,Pb
overturn this conventional wisdom. We observe broad magnetic continuum dispersing in
only one direction, which indicates that the underlying elementary excitations are
spinons carrying fractional spin-1/2. These spinons are the emergent quantum
dynamics of the anisotropic, orbital-dominated Yb moments. Owing to their unusual
origin, only longitudinal spin fluctuations are measurable, whereas the transverse
excitations such as spin waves are virtually invisible to magnetic neutron scattering.
The proliferation of these orbital spinons strips the electrons of their orbital identity,

resulting in charge-orbital separation.

t is generally believed that fractional quantum
excitations such as spinons in one-dimensional
(1D) spin chains proliferate and govern mag-
netism only in systems with small and iso-
tropic atomic magnetic moments, such as
spin-1/2 Cu®*. In contrast, large and anisotropic
orbital-dominated moments, such as those pro-
duced by strong spin-orbit coupling in the rare
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earths, are considered to be classical, becoming
static as temperature 77 — 0 because the conven-
tional Heisenberg-Dirac exchange interaction (1, 2)
cannot reverse their directions. Here we present
the results of neutron-scattering measurements
on the 3D compound Yb,Pt,Pb that profoundly
challenge this conventional wisdom.

The unusual properties of Yb,Pt,Pb derive in
part from its crystal structure (Fig. 1, A and B),
where the Yb?* ions form ladders along the ¢ axis,
separated by Pt and Pb; the rungs of the ladders
(dashed lines in Fig. 1A) lie on the orthogonal
bonds of the Shastry-Sutherland lattice (SSL) (3)
in the ad planes. Equally important is the strong
spin-orbit coupling, which combines spin and
orbital degrees of freedom into a large, J = 7/2
Yb moment. The absence of a Kondo effect in-
dicates minimal coupling of Yb to the conduction
electrons of this excellent metal (4, 5). A point-
charge model (6) indicates that the crystal elec-
tric field (CEF) lifts the eightfold degeneracy of

the Yb** moments, producing a Kramers dou-
blet ground state that is a nearly pure state of the
total angular momentum, J, |J, m;) = |7/2,+7/2).
The estimated anisotropy of the Landé g factor is
in good agreement with that of the measured mag-
netization, g /g, = 7.5(4) (4-7), implying strong
Ising anisotropy in Yb,Pt,Pb, which confines the
individual Yb moments to two orthogonal sub-
lattices in the ab plane.

The quantum states of the [+7/2) Ising doublet
are the superpositions of its “up” and “down”
components, 04|7/2) + a,|-7/2), and therefore
the doublet can be viewed as an effective quan-
tum spin-1/2. However, familiar interactions like
the Zeeman, Heisenberg-Dirac exchange, and di-
pole interactions that are bilinear in J can only
change the total angular momentum quantum
number by Am; = +1; they have no matrix elem-
ents that would allow transitions between the
moment-reversed states of the ground state wave
function. Only multiple virtual processes involv-
ing excited states could reverse individual Yb
moments, but these processes are expected to be
very weak because the ground and first excited
states are separated by as much as 25 meV, ac-
cording to specific heat (4¢) and inelastic neutron-
scattering measurements (6). This would suggest
that Yb,Pt,Pb would display only static, classical
Ising behavior, but our data are not consistent
with this picture.

Here we report neutron-scattering experiments
on Yb,Pt,Pb that reveal a continuum of low-energy
quantum excitations that display the distinctive
spinon dispersion along the ¢ axis (Fig. 2A), typ-
ical of the S = 1/2 Heisenberg-Ising XXZ spin
Hamiltonian (8),

H= JZ(SﬁSﬁH + SZSZH + Asfzsfl-%-l) (1)
n

where J is the Heisenberg spin-exchange coupling
and A is its anisotropy. This observation pro-
vides definitive evidence that the Yb moments in
Yb,Pt,Pb behave as quantum-mechanical spins-
1/2 (9). The spinon spectrum M (Q, E) is fully
gapped, but the gap is much smaller than the
excitation bandwidth, indicating only moderate
Ising anisotropy, A > 1. The lack of any wave
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Editor's Summary

Multifunction planar optics

Specially designed two-dimensional (2D) arrays of nanometer-scale metallic antennas, or
metasurfaces, may allow bulky optical components to be shrunk down to a planar device structure.
Khorasaningjad et al. show that arrays of nanoscale fins of TiO can function as high-end optical lenses.
At just afraction of the size of optical objectives, such planar devices could turn your phone camera or
your contact lens into a compound microscope. Maguid et al. interleaved sparse 2D arrays of metal
antennas to get multifunctional behavior from the one planar device structure (see the Perspective by
Litchinitser). The enhanced functionality of such designed metasurfaces could be used in sensing
applications or to increase the communication capacity of nanophotonic networks.
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