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Observation of the plasmonic Rashba effect manifested by a polarization helicity degeneracy removal in a surface
wave excitation via an inversion asymmetric metamaterial is reported. By designing the metasurface symmetry us-
ing anisotropic nanoantennas with space-variant orientations, we govern the light–matter interaction via the local
field distribution arising in a wavelength and a photon spin control. The broken spatial inversion symmetry is ex-
perimentally manifested by a directional excitation of surface wave jets observed via a decoupling slit as well as by
the quantum dot fluorescence. Rashba-type plasmonic metasurfaces provide a route for spin-based nanoscale
devices controlled by the metamaterial symmetry and usher in a new era of light manipulation. © 2013 Optical
Society of America
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(240.6680) Surface plasmons.
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The photonic version of the Rashba effect has recently
triggered an anomalous interest owing to its physical
and technological impact on light–matter interaction
control via a metasurface’s symmetry [1–3]. The optical
Rashba effect (ORE) is a manifestation of the spin–orbit
interaction of light [4] under broken inversion symmetry
(i.e., the inversion transformation r → −r does not pre-
serve the structure), where the dispersion relation of a
metamaterial splits into bands with opposite optical spin
(polarization helicity) states [1–3]. Similar to the role of a
potential gradient in the electronic Rashba effect [5,6],
the space-variant orientation angle θ�x; y� of optical
nanoantennas induces a spin-split dispersion of ΔkR �
σ∇θ [1–3], where σ� � �1 is the photon spin corre-
sponding to right and left circularly polarized light, re-
spectively. The ORE was observed in the spontaneous
emission of anisotropic thermal antenna patterns, such
as the quasi one-dimensional (1D) antenna array [1,2]
and the inversion asymmetric (IaS) two-dimensional
(2D) kagome lattice metamaterial [3]. This effect can
be illustrated via a geometric mapping onto the Poincaré
sphere [7–13], where the polarization state of light at dif-
ferent locations along the metasurface traverses various
geodesic paths arising in the Pancharatnam–Berry phase
of σθ [14,15]; by differentiating the geometric phase, an
induced momentum due to polarization rotation is ac-
quired, as originally observed in ultrathin dielectric meta-
materials of Pancharatnam–Berry phase optical elements
[9–13,16]. This geometric Rashba momentum correction
can be either added to or subtracted from the light
momentum, owing to its spin-dependent origin. As a re-
sult, light–matter interactions governed by momentum
selection rules, such as the light coupling to plasmonic
metastructures, are perturbed. The resonant coupling
of light to surface plasmon polaritons (SPPs) via inver-
sion symmetric metasurfaces is governed by the standard
momentum-matching condition and limited by the polari-
zation selectivity so, once the structural parameters are
set, the excitation can be tuned by changing the light
wavelength or angle of incidence [17]. In addition,
ORE-based spinoptical metamaterials offer the photon
spin as an additional degree of freedom in nanoscale

photonics [1–3,14,15,18–23], holding the promise for con-
trolling SPP excitation with the light’s intrinsic angular
momentum.

In this Letter, we report on the experimental observa-
tion of a Rashba-type plasmonic metamaterial. By design-
ing the metasurface symmetry via space-variant oriented
anisotropic nanoantennas, an IaS metastructure was
obtained with a Rashba-induced geometric gradient.
The spin degeneracy removal in the SPP excitation by
the quasi 1D antenna array is based on the spin–orbit
momentum-matching (SOMM) condition. This selection
rule highlights the spin-controlled additional Rashba mo-
mentum in a spinoptical metamaterial. In agreement with
a dispersion analysis of the ORE, we observed the direc-
tional distribution of plasmonic jets by free-space imag-
ing using a circular decoupling slit as well as the quantum
dot (QD) fluorescence. A spin-switch SPP unidirectional
guiding in the visible and near-infrared regions under a
normal-incidence illumination was presented as a mani-
festation of broken inversion symmetry. Since we excite
different bands in the spin-split dispersion, the excitation
of SPP jets depends on both the wavelength and the
polarization helicity of the incident light; consequently,
for a given wavelength, the excitation is spin-controlled
and, by varying the wavelength, the spin-based jets are
reversed. Rashba-type plasmonic metasurfaces provide
a route for combined polarization- and wavelength-based
surface-integrated nanoscale devices via light–matter
interactions controlled by the metamaterial symmetry,
ushering in a new era of light manipulation.

As a Rashba-type plasmonic metasurface, we consid-
ered a 2D periodic metastructure consisting of aniso-
tropic nanoantennas whose local orientation is given
by θ�x� � πx∕a, where a is the rotation period of the
structure [see Fig. 1(a)]. The spin-controlled dispersion
relation ω�k� of such an IaS metamaterial [i.e.,
θ�x� ≠ θ�−x�] obeys the SOMM condition that arises from
the combined contributions of the structure and the local
field distribution [3]. Accordingly, a SPP jet is excited res-
onantly when the equation k∥in�σ� � kSPP �mGx � nGy −

σKR;x is fulfilled. Here, �Gx;Gy� � 2π�x̂∕Λx; ŷ∕Λy� are the
structural reciprocal vectors corresponding to the local
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periodicities of Λx and Λy [see Fig. 1(a)], whereas KR;x �
∇θ � πx̂∕a is the induced geometric Rashba momentum
correction; k∥in is the wavevector of the incident light in
the surface plane, kSPP is the SPP wavevector, and �m;n�
are the indices of the radiative modes. By selecting Λy as
a subwavelength scale, the spinoptical metamaterial is
considered to be quasi 1D for the spectral region of in-
terest. Regarding low modes of �m;n� � ��1; 0�, we cal-
culated the spin-projected dispersion in the IaS direction
of the x axis, revealing an optical Rashba spin-split
of jΔkRj � π∕a [Fig. 1(b)]. Such a dispersion reveals
two obvious relations: (i) ω�k; σ�� � ω�−k; σ−�, which
is a manifestation of time reversal symmetry; and
(ii) ω�k; σ�� ≠ ω�k; σ−�, which is a signature of inversion
symmetry violation. At a normal incidence, the free-
space resonant wavelengths of the scattered jets are
simply calculated via the SOMM condition as
λ�m; σ� � 2nSPPNΛx∕�2jmjN � σ�. Here, nSPP � �εmεd∕
�εm � εd��1∕2 is the SPP effective refractive index, where
εm and εd are the dispersive dielectric constants of the
metal and dielectric, respectively, N � a∕Λx is the level
number of rotation, and the � sign corresponds to a
solution of a SPP jet directed along �x axes, respec-
tively. This implies that for a given structure, a directional

plasmonic excitation is obtained by switching the spin at
a specific wavelength or, alternatively, by varying the
wavelength, the spin-based guiding is reversed.

With this in mind, using a focused ion beam (FEI Strata
400s dual beam system, Ga�, 30 keV, 48 pA), we fabri-
cated the plasmonic metasurface consisting of 80 nm ×
220 nm rectangular void antennas, etched to a depth
of 60 nm upon 200 nm thick gold film, evaporated onto
a glass substrate. Local periodicities in x and y directions
of Λx � 810 nm and Λy � 500 nm were chosen, respec-
tively, with N � 6 [see Fig. 1(a)]. The 60 μm square array
was surrounded by a circular slit with a diameter of
180 μm and a width of 100 nm, where only the antenna
metasurface was normally illuminated with a continuous
wave Ti–sapphire tunable laser (Spectra-Physics 3900S)
via a circular polarizer (a linear polarizer followed by a
quarter-wave plate). The resonant illuminating wave-
lengths were set according to the spin-dependent
dispersion of this metastructure, calculated via the
SOMM condition, verifying the quasi 1D nature in the
near-infrared region [Fig. 1(b)]. Propagating SPPs
launched by the antenna array and decoupled by the slit
were free-space imaged. For the incident wavelength of
780 nm, the plasmonic jets propagating in positive and
negative x directions correspond to σ� and σ− spin states,
respectively [Figs. 2(b) and 2(a)]. In accordance with the
aforementioned prediction, the spin-switch images are
reversed for the incident wavelength of 870 nm, and
the directed jets are flipped for the same incident polari-
zation helicity by varying the wavelength [Figs. 2(c) and
2(d)]. The spin-controlled nature of the plasmonic

Fig. 1. Rashba-type plasmonic metasurface. (a) Scanning elec-
tron microscopy image of the plasmonic quasi 1D antenna ar-
ray. (b) Calculated spin-projected dispersion in the x direction
via the SOMM condition. Red and blue lines correspond to σ�
incident spin states, respectively. Modes are specified with in-
dices �m;n�. (c), (d) Vector summation representation of the
SOMM condition for the spin-controlled unidirectional excita-
tion at wavelengths of 780 and 870 nm, respectively. Note that
kSPP is the complementary vector for the origin. Purple [in (c)]
and green [in (d)] circles correspond to kSPP circles at high and
low frequencies, respectively.

Fig. 2. Observation of the ORE via spin-controlled plasmonics.
(a), (b) Measured intensities of unidirectional SPP jets excited
by the quasi 1D metasurface and decoupled via the slit for σ−
and σ� illuminations, respectively, at a wavelength of 780 nm.
Transverse cross sections of the intensity distribution at the
center of the slit are depicted by the lines. The insets show finite
difference time domain near-field calculations of the normal
electric field magnitude. (c), (d) Measured intensities of unidi-
rectional SPP jets for σ− and σ� illuminations, respectively, at a
wavelength of 870 nm.
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metasurface was also verified by finite difference time
domain simulations [Figs. 2(a) and 2(b) insets]. The
spin-based launching efficiency was quantitatively esti-
mated by a figure of merit defined as the ratio between
the intensities measured in �x directions at a specific
wavelength and for a specific spin state; the relatively
high experimental figures of merit of around 10 indicate
an efficient near-infrared spinoptical metamaterial for
surface-integrated plasmonic port nanodevices based
on the ORE.
The SPP propagation can also be imaged by fluores-

cent emitters located within the evanescent tail of the
plasmon field [24]. We obtained such a fluorescent imag-
ing by coating the metasurface with QDs embedded in a
thin polymethyl methacrylate (PMMA) layer. The poly-
mer film thickness of 150 nm was designed in such a
way that the metal–polymer interface supports SPPs.
In consideration of the interface change, the array’s local
periodicities were modified to Λx � 420 nm and Λy �
330 nm to match the plasmonic resonance [see Fig. 3(a)
for the calculated spin-controlled dispersion relation]
to the wavelength region, where the 2.2 nm PbS QD
(MKN-PbS-T850) excitation spectrum is relatively high.
The metasurface was normally illuminated with a circu-
larly polarized laser beam at a wavelength of 632 nm for
the SPP coupling. The excited QD emission was then im-
aged, while the exciting light was eliminated using a long-
pass filter adjusted to the PbS QD peak emission at

850 nm [see Fig. 3(b) for the corresponding experimental
setup]. The spin-switch directional plasmonic distribu-
tion is shown in Figs. 3(c) and 3(d), where propagating
jets in the�x directions correspond to an incident spin of
σ�, respectively, similar to the previous observation.
Moreover, an advantage of the fluorescent imaging tech-
nique is the ability to observe the SPP spatial intensity
distribution along the directed propagation.

The geometric Rashba correction in the SOMM condi-
tion can be illustrated via the Poincaré sphere, where the
polarization state of light traverses a geodesic triangle
upon the sphere. This mapping generates a geometric
phase term ϕg equal to half of the solid angle Ω encom-
passed by the triangle (see Fig. 4) [7–13]. We consider a
circularly polarized light illuminating a plasmonic meta-
surface consisting of space-variant anisotropic antennas
with a local orientation angle of θ�x; y�. In view of the fact
that the dipolar field of a locally excited void antenna fol-
lows its minor axis [2,20], the in-plane space-variant elec-
tric polarizability of the SPPs is represented by a point on
the sphere. At different locations along the metasurface
the surface wave traverses various geodesic paths on the
Poincaré sphere arising in the Pancharatnam–Berry
phase of σθ (see Fig. 4) [14,15]. Alternatively, this geo-
metric phase can be interpreted as a phase delay in
the excitation of space-variant anisotropic antennas that
are linear polarization selective, where we regard the il-
luminated circularly polarized light as a rotating-in-time
linear polarization [15,21]. By differentiating the gener-
ated phase, an induced momentum due to a polarization
rotation of σ∇θ is acquired. In the context of symmetry,
this additional geometrically intrinsic momentum is asso-
ciated with the optical Rashba spin-split dispersion,
which is a manifestation of the spin-orbit interaction

Fig. 3. Fluorescent imaging of the plasmonic Rashba effect.
(a) Calculated spin-projected dispersion at the x direction,
where the gold-PMMA interface supports SPPs. (b) Fluorescent
imaging experimental setup [beam splitter (BS); long-pass filter
(LPF)]. (c), (d) Measured intensities of the QD photolumines-
cence from unidirectional SPP jets for σ− and σ� illuminations,
respectively, at a wavelength of 632 nm. The antenna array is
depicted by the black frame. (e) Cross sections of the spin-
controlled QD photoluminescence along the SPP propaga-
tion direction. The inset shows the schematic sample’s
configuration.

Fig. 4. Illustration of the concept of plasmonic Pancharat-
nam–Berry phase optical elements. The encompassed area Ω
on the Poincaré sphere due to an excitation of space-variant
oriented nanoantennas with an electric polarizability p gener-
ates the geometric phase of ϕg, which arises in the Rashba cor-
rection term. Red (top) and blue (bottom) geodesic triangles
correspond to incident optical spins of σ�, respectively.
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under broken inversion symmetry [3]. Hence, the intro-
duced quasi 1D spinoptical metamaterial with an IaS
direction of x can be regarded as a plasmonic Panchar-
atnam–Berry phase optical element [9–13,16].
In summary, an optical spin degeneracy removal in a

surface wave excitation via an IaS Rashba-type metasur-
face consisting of rotating anisotropic nanoantennas was
presented. The reported phenomenon inspires the devel-
opment of a unified theory to establish a link between a
metasurface symmetry breaking and new selection rules
with new degrees of freedom to establish a broader class
of light–matter interaction controls. Rashba-type plas-
monic metasurfaces provide a route for state-of-the-art
spinoptical nanoscale devices that leverage the on-chip
photonic nanocircuit platform for information process-
ing and optical communication.

This research was partially supported by the Israel Sci-
ence Foundationand the Israel Nanotechnology Focal
Technology Area on Nanophotonics for Detection.
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