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and numerical methodologies presented here suggest a wide variety of related applications, such
as in plastic and metal foam formation.
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Spin-Optical Metamaterial Route
to Spin-Controlled Photonics
Nir Shitrit, Igor Yulevich, Elhanan Maguid, Dror Ozeri, Dekel Veksler,
Vladimir Kleiner, Erez Hasman*
Spin optics provides a route to control light, whereby the photon helicity (spin angular momentum)
degeneracy is removed due to a geometric gradient onto a metasurface. The alliance of spin optics
and metamaterials offers the dispersion engineering of a structured matter in a polarization
helicity–dependent manner. We show that polarization-controlled optical modes of metamaterials arise
where the spatial inversion symmetry is violated. The emerged spin-split dispersion of spontaneous
emission originates from the spin-orbit interaction of light, generating a selection rule based on
symmetry restrictions in a spin-optical metamaterial. The inversion asymmetric metasurface is obtained
via anisotropic optical antenna patterns. This type of metamaterial provides a route for spin-controlled
nanophotonic applications based on the design of the metasurface symmetry properties.
etamaterials are artificial matter structured on a size scale generally smaller
than the wavelength of external stimuli that enables a custom-tailored electromagnetic
response of the medium and functionalities such
as negative refraction (1), imaging without an intrinsic limit to resolution (2), invisibility cloaking
(3), and giant chirality (4, 5). An additional twist
in this field originates from dispersion-engineered
metamaterials (6, 7). A peculiar route to modify
the dispersion relation of an anisotropic inhomogeneous metamaterial is the spin-orbit interaction
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(SOI) of light; that is, a coupling of the intrinsic
angular momentum (photon spin) and the extrinsic
momentum (8–10). Consequently, the optical spin
provides an additional degree of freedom in nanooptics for spin degeneracy removal phenomena
such as the spin Hall effect of light (9, 11–14).
The chiral behavior originates from a geometric
gradient associated with a closed loop traverse
upon the Poincaré sphere generating the geometric Pancharatnam-Berry phase (15, 16), not
from the intrinsic local chirality of a meta-atom
(4, 5, 17). Specifically, spin optics enables the
design of a metamaterial with spin-controlled
modes, as in the Rashba effect in solids (18–21).
The Rashba effect is a manifestation of the
SOI under broken inversion symmetry [i.e., the
inversion transformation r → –r does not pre-
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serve the structure (r is a position vector)], where
the electron spin-degenerate parabolic bands split
into dispersions with oppositely spin-polarized
states. This effect can be illustrated via a relativistic
electron in an asymmetric quantum well experiencing an effective magnetic field in its rest frame,
induced by a perpendicular potential gradient ∇V, as
represented by the spin-polarized momentum offset
Dk º T∇V (18–21). In terms of symmetries, the
spin degeneracy associated with the spatial inversion
symmetry is lifted due to a symmetry-breaking
electric field normal to the heterointerface. Similar
to the role of a potential gradient in the electronic
Rashba effect, the space-variant orientation angle
f(x,y) of optical nanoantennas induces a spin-split
dispersion of Dk = s∇f (22–24), where sT = T1 is
the photon spin corresponding to right and left
circularly polarized light, respectively. We report on
the design and fabrication of spin-optical metamaterial that gives rise to a spin-controlled dispersion due to the optical Rashba effect. The inversion
asymmetry is obtained in artificial kagome structures with anisotropic achiral antenna configurations (Fig. 1, A and p
B)ﬃﬃﬃmodeling
pﬃﬃﬃ the uniform
(q = 0) and staggered ( 3  3) chirality spinfolding modes in the kagome antiferromagnet
(25–27). In the geometrically frustrated kagome
lattice (KL), the reorder of the local magnetic
moments transforms the lattice from an inversion
symmetric (IS) to an inversion asymmetric (IaS)
structure. Hence, we selected the KL as a platform
for investigating the symmetry influence on spinbased manipulation of metamaterial dispersion.
It was previously shown that the localized
mode resonance of an anisotropic void antenna
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of 3 mm (Fig. 4; see also movie S4). In the figures, thin-film interference is used to show the
evolution, by using the lamellae thickness h to
solve the Fresnel equations that determine the
constructive and destructive interference of reflected light. After draining for 6.4 s, a single
bubble bursts, which causes a rapid collapse of
the foam structure. Compared to the case in Fig. 3,
in this example the typical bubble size is much
larger, which makes a priori prediction of rupture events less predictable.
In this work, we have developed a multiscale model of the interplay between gas, liquid,
and interface forces for a dry foam, permitting
the study of the effects of fluid properties, topology, bubble shape, and distribution on drainage, rupture, and rearrangement. We demonstrated
the model by analyzing cascading properties of
bubble rupture together with large-scale hydrodynamics. Both the scale-separated model and
the underlying numerical algorithms are general enough to allow extension of the physics at
individual scales to include other phenomena,
such as disjoining pressure, diffusive coarsening,
and different types of surface rheology, including
liquid-gas interfaces with mobile/stress-free boundary conditions, surface viscosity, evaporation dynamics, and heating. The multiscale modeling

is observed with a linear polarization excitation
parallel to its minor axis (14, 23). We used this
anisotropy in artificial kagome structures, where
the anisotropic antennas are geometrically arranged in such a way that their principal axes
are aligned with the original spin direction in the
magnetic KL phases. These metamaterials with
the nearest-antenna distance of L = 6.5 mm were
realized using standard photolithographic techniques (24) on a SiC substrate supporting resonant collective lattice vibrations [surface phonon
polaritons (SPPs)] in the infrared region. We
measured angle-resolved thermal emission spectra by a Fourier transform infrared spectrometer
at varying polar and fixed azimuthal angles (q,ϕ),
respectively, while heating the samples to 773 K
(see Fig. 1C for the experimental setup). The
dispersion relation w(k) at ϕ = 60° of the q = 0
structure (Fig. 1D) exhibits good agreement with
the standard momentum-matching calculation (28)
[see (24) for the isotropic KL analysis].
pﬃﬃﬃ Howpﬃﬃﬃ
ever, the measured dispersion of the 3  3
configuration (Fig. 1E) reveals new modes as a
result of the inversion asymmetry of the structure, which may give rise to an optical spin degeneracy removal. By measuring the S3 component
of the Stokes vector representing the circular polarization portion p
within
the
ﬃﬃﬃ p
ﬃﬃﬃ emitted light (24, 29),
we observed the 3  3 spin-projected dispersion and found that the new modes yield a highly

polarized emission with opposite spin states and a
Rashba splitting of Dk = 2p/3L (Fig. 1, F and G).
The removal of the spin degeneracy requires
a spin-dependent correction to fulfill the momentummatching equation. The spin-controlled dispersion of an IaS metamaterial obeys the spinorbit momentum-matching (SOMM) condition
kjje ðsÞ ¼ kSPP þ mG1 þ nG2 − sKi , associated with two differentiated sets of reciprocal vectors: structural and orientational. Here,
pﬃﬃﬃ
pﬃﬃﬃ
ðG1 , G2 Þ ¼ Lp ðx þ y= 3, −x þ y= 3Þ are the
structural reciprocal vectors determined by
pﬃﬃthe
ﬃ q=
p
ð−x ∓ 3yÞ are
0 unit cell, whereas K1,2 ¼ 3L
theporientational
reciprocal vectors determined by
ﬃﬃﬃ pﬃﬃﬃ
a 3  3 unit cell (Fig. 2A, inset), associated
with the local field distribution; kjje is the wave
vector of the emitted light in the surface plane; kSPP
is the SPP wave vector; (m,n) are the indices of the
radiative modes; and i ∈ {1,2} is the index of the
specific spin-dependent geometric Rashba term.
Note that in the vector equation the sign of the
orientational term is determined by the spin. Moreover, the specific geometric Rashba correction is a
result of an arbitrary orientational vector choice
from K1,2 ; based on this choice, the secondary
vector linearly depends on the primary Ki and both
the structural vectors G1,2. Hence, the SOMM condition arises from the combined contributions of

Fig. 1. Inversion symmetric and
asymmetric metamaterials and
optical Rashba effect. (A and B)
Optical
images of q = 0
pﬃﬃﬃ microscope
pﬃﬃﬃ
and 3  3 structures, respectively.
Rhombuses represent the corresponding unit cells in real space. The inset in
(A) is a scanning electron microscope
image of the 1-by-6–mm2 antenna,
etched to a depth of 1 mm on a SiC substrate. (C) Schematic setup for the spin-projected dispersion based
on the spin-optical metamaterial symmetry. The thermal radiation polarization state is resolved with the use
of a circular polarization analyzer [a quarter-wave plate (QWP) followed by a linear polarizer (P)]. ke, wave
vector
pﬃﬃﬃ of
pﬃﬃthe
ﬃ emitted light. (D and E) Measured intensity dispersions of thermal emission from q = 0 and
3  3 structures, respectively. Yellow lines in (D) correspond to the standard momentum-matching
calculation; green lines
(E)ﬃﬃﬃhighlight the new modes. c, speed of light. (F and G) Measured spin-polarized
pﬃﬃﬃ in p
dispersions of the 3  3 structure along the IaS directions of ϕ = 0° and 60°, respectively.
www.sciencemag.org
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the structural and orientational lattices resembling the structural and magnetic unit cells in the
kagome antiferromagnet; yet, this concept is general and can be tailored to metamaterials and metasurfaces (30). Considering low modes of (m,n) ∈
{0,T1}, we calculated the spin-dependent dispersions at ϕ = 0° and 60° (Fig. 2, A and B, respectively), confirming the S3 measured dispersions
(Fig. 1, F and G, respectively), with the optical
Rashba spin split of 2p/3L. Such a spin-split dispersion is due to a giant optical Rashba effect, as
the geometric Rashba correction is in the order of
magnitude of the structural term; in particular, the
anomalous geometric phase gradient arising due
to the space-variant antenna orientation in the investigated IaS photonic system resembles the potential gradient in the electronic Rashba effect.
The above condition can be also derived from
symmetry restrictions, where the representation
theory is applied to generate selection rules. If a
given structure is invariant under a translation followed by a rotation and both operators commute,
then a spin-orbit coupling is expected. By applying the representation theory formalism considering these symmetry constraints, a momentum
selection rule with a spin-dependent geometric
Rashba correction can be obtained.
pﬃﬃﬃWhen
pﬃﬃﬃ this
procedure is implemented for the 3  3 KL,
which is invariant under a translation of 2L to
the left followed by a rotation of 120° counterclockwise, the SOMM condition is realized [see
(24) for the detailed discussion].
In addition to the spin-projected dispersions,
selection rules can also specify the direction of
the surface wave excited at a given frequency
(Fig. 2, C to F). Hence, this concept serves as a
platform for spin-controlled surface waves possessing excellent potential for manipulation on the
nanoscale based on a geometric gradient. Particularly, the SOMM provides the basis for a new
type of IaS spin-optical metamaterials, supporting
spin-dependent plasmonic launching for nanocircuits (31, 32) and multiport in on-chip photonics.
The observed optical Rashba spin-split dispersions reveal two obvious relations of (i) w(k,s+) ≠
w(k,s–), which is a signature of inversion symmetry violation, and (ii) w(k,s+) = w(–k,s–), which
is a manifestation of time reversal symmetry (Fig.
1, F and G, and Fig. 2, A and B). Moreover, the
spin-projected dispersions show a clear discrimination between the different IaS directions, which
is not observed in the degenerated intensity dispersions. By measuring the angle-resolved emission
spectra at varying ϕ and fixed q, we obtained
the strength of the optical Rashba effect pointing
on the IS and IaS directions
theﬃﬃﬃ KL (24). The
pﬃﬃﬃ in p
S3 dispersions of the
3  3 structure are
shown in Fig. 3, A and B, where the time reversal
symmetry is clearly seen; in addition, the IS directions of ϕ ∈ {30°,90°,150°} are manifested by
the spin degeneracy, whereas in all other directions the degeneracy is removed.
The symmetry-based approach offers an extended condition because it also recognizes
the IS directions resulting in spin-degenerated
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3D), which is general because it distinguishes
between the IS and IaS directions and tailors a
spin-degenerated or spin-dependent output, respectively,
and
pﬃﬃﬃ p
ﬃﬃﬃ it reveals new modes observed in the
3  3 intensity dispersion (Fig. 3C) owing to
the spin-dependent geometric Rashba correction.
The spin degeneracy removal was also shown
in the near-field associated with the orbital angular momentum variation along the IaS directions. We revealed a chain of vortices
pﬃﬃﬃ with
pﬃﬃﬃ
alternating helicities in the artificial 3  3

Fig. 2. Spin-orbit momentummatching and surface-wave
control. (A and B) Calculated
of the
p
ﬃﬃﬃ S3pdispersions
ﬃﬃﬃ
3  3 structure at ϕ =
0° and 60°, respectively, via
the SOMM condition. Red and
blue lines correspond to s+
+
and s– spin states, respectively. (Inset) Reciprocal
pﬃﬃspace
ﬃ pof
ﬃﬃﬃ
q = 0 (yellow) and 3  3
(blue) structures with the corresponding reciprocal vectors.
The dashed blue arrow indicates
that
pﬃﬃﬃ p
ﬃﬃﬃ only one of the
3  3 reciprocal vectors
is required to set the dispersion of a spin-optical metamaterial, in addition to both
of the q = 0 reciprocal vectors. (C and D) Spin-controlled
surface-wave concept. The
scheme introduces the coupling of the two spin-dependent
modes depicted in (A) to
surface-wave modes via the
degree of freedoms of w,
jj
jj
kin , and s; kin is the component of the incident wave
vector kin parallel to the surface. (E and F) Vector summation representation of the SOMM condition
forecasting the direction of the surface wave for the aforementioned modes.
Fig. 3. Symmetry analysis
by spin-projectedmeasurements. (A and B) Measured
pﬃﬃﬃ
Sp3ﬃﬃdispersions
of the 3 
ﬃ
3 structure with varying ϕ
at q = 12° and –12°, respectively. The inset highlights
the IS directions. (C and D)
Measured and calculated
intensity
of the
p
ﬃﬃﬃ pﬃﬃdispersions
ﬃ
3  3 structure along
an IS direction of ϕ = 30°,
respectively. The standard
momentum-matching and
the SOMM calculations in
(D) are denoted by the yellow
and green lines, respectively.

building blocks, carrying a spin-dependent spacevariant orbital angular momentum arising from
the spiral phase front of the SPPs [see (24) for
the detailed analysis]. The reported spin-based
phenomena in the near- and far-fields inspire the
development of a unified theory to establish a
link between the spin-controlled radiative modes
and the metasurface symmetry properties to encompass a broader class of metastructures from
periodic to quasi-periodic or aperiodic. The design of metamaterial symmetries via geometric
gradients provides a route for integrated nanoscale
spintronic spin-optical devices based on spincontrolled manipulation of spontaneous emission,
absorption, scattering, and surface-wave excitation.
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dispersions. As a reference, we measured the intensity dispersions of the q = 0 structure at ϕ = 30°,
verifying the standard momentum-matching calculation without the geometric Rashba correction.
Note that this direction is arbitrary because this
structure is IS in all directions;
it is a
pﬃﬃﬃ however,
pﬃﬃﬃ
specific IS direction in the 3  3 structure. In
accordance with this condition, we did not
pﬃﬃobserve
ﬃ pﬃﬃﬃ
any spin dependence in the measured 3  3
spin-projected dispersion at this direction. This result is supported by the SOMM condition (Fig.
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Making Metamaterials
Controlling the propagation of electromagnetic waves is a key requirement in communication
technologies. The components tend to be bulky, however, which can make it difficult to integrate with
microelectronics circuits. Using arrays of metallic nanoantennae patterned on a substrate surface,
Shitrit et al. (p. 724) fabricated a novel class of metamaterials: anisotropic materials without inversion
symmetry. The materials may pave the way to polarization-dependent nanophotonics.

