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Efficient on-chip manipulation of photon spin is of crucial importance in developing future integrated nanophotonics as is

electron spin in spintronics. The unidirectionality induced by the interaction between spin and orbital angular momenta

suffers low efficiency in classical macroscopic optics, while it can be highly enhanced on subwavelength scales with proper

architectures. Here we propose and demonstrate a spin-sorting achiral split-ring coupler to unidirectionally excite dielectric-

loaded plasmonic modes in two independent waveguides. We found experimentally that the impinging light with different

spin can be selectively directed into one of two branching plasmonic waveguides with a directionality contrast up to 15.1

dB. A circular-helicity-independent compact beam splitter is also realized demonstrating great potential in designing

complex interconnect nanocircuits. The illustrated approach is believed to open new avenues for developing advanced

optical functionalities with flexible degree of freedom in manipulation of on-chip chirality within chiral optics.

Introduction

Apart from linear momentum, light also carries angular
momenta i.e. the spin angular momentum (SAM) and orbital
angular momentum (OAM), which respectively determine the
polarization and spatial degrees of freedom of photons from a
quantum perspectivel. Over the past few vyears, the
manipulation of coupling between SAM and OAM, known as the
spin-orbit interaction (SOI), has been intensively studied owing
to their high potential in developing many advanced
technologies, such as quantum computing®3, chiroptical
spectroscopy?, information processing>®, chiral imaging”-® and
topologic photonics®*t,

A significant bottleneck for further development is that the
spin-orbit coupling is usually very weak at the optical interface
inhibiting direct observation through transmitted or reflected
light'2. Surface Plasmon Polaritons (SPPs), on the other hand,
which are the electromagnetic waves coupled to electron
oscillations and propagating along the interface between metal
and dielectrics, hold promise of an unprecedented level in
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boosting SOl phenomena due to the light confinement far
beyond the diffraction limit'3. Recently, various plasmonic
waveguide configurations have demonstrated their remarkable
properties of spin-selective control of optical flows in integrated
nanocricuits!*'’. Also, the detection of spin-controlled
directional routing has been achieved by achiral plasmonic slot
waveguides'. Remarkably, the metasurfaces offer a robust
opportunity for developing chiral optics with giant photonic
spin Hall effect (PSHE), due to the usage of flexible elements and
abrupt phase modulation to the reflected and refracted
waves!®2l, Very recently, the on-chip plasmonic spin-Hall
nanogratings have also been exploited to simultaneously
discriminate both the topological charges and polarization
states of the incident beam?2. However, the metasurfaces and
nanogratings are generally realized at the expense of complex
configuration and fabrication process, which limits the
development of ultracompact photonic spin
Miniaturization is the most important feature of next-
generation integrated Developing  high-
directionality photonic spin devices in subwavelength scale is
still a massive challenge.

In this work we demonstrate a dielectric-loaded SPPs
(DLSPPs, which is among the most promising configurations for
developing plasmonic circuits with relatively low propagation
loss and less challenge in fabrication techniques?3) nanocircuit
enabling tunable SOIl-controlled unidirectional light routing by
an achiral split-ring coupler (SRC). Using the theoretical
simulations, we first study the behavior of intrinsic SAM of
incident beams coupled to extrinsic OAM of DLSPPs modes
within the SRC. It is found that the achiral SRC can selectively
couple and direct the DLSPPs flow depending on the spin state
of incident radiation. The DLSPPs nanocircuits are then
fabricated using electron-beam lithography technique. The

devices.

nanocircuits.
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efficient spin-selective unidirectional wave transfer is
experimentally evidenced with most of in-coupled energy
directed toward one of the two propagation directions for
either left or right circular polarization. The observation of SOI
coupling is in accordance with the theoretical predictions.
Finally, we also explore the potential applications of the device
by symmetrically introducing another two orthogonal DLSPPs
waveguides, showing that it not only exhibits the expected
unidirectional coupling but also offers the capability in acting as
beam splitters under certain circular polarization, which is
generally difficult to realize using reported SOI-based devices'*
18, Our proposed plasmonic device could find direct applications
in developing advanced nanocircuits exploiting the spin degree
of freedom.

Results and Discussion

Figure 1la schematically shows the proposed on-chip SOI-
controlled plasmonic device, which fundamentally provides the
working principles. The nanocircuit is composed of two
orthogonal DLSPPs waveguides and an achiral SRC containing
two identical quarter rings with inner and outer radii of 200 nm
and 150 nm, respectively. Under normal incidence, the SRC
couples the pump light into one branch of two DLSPPs
waveguides, which have sizes of 180 nm in width and 200 nm in
height (i.e., the parameters are selected to well balance the
trade-off between the mode propagation loss and mode
confinement), depending on the handedness of incident light.
The excited propagating DLSPPs mode then routes along the
DLSPPs waveguide to the end with designed outcoupling grating
to scatter the propagating DLSPPs mode out to free space with
full control. Figure 1b is the scanning electron microscope (SEM)
image of the fabricated sample, in which the inset depicts the
zoom on the SRC. The nanocircuits were fabricated on a silver
(Ag)-coated silicon (Si) substrate with PMMA ridges as DLSPPs
waveguides.

Figure 1. Schematic diagrams of the proposed on-chip spin-controlled
unidirectional plasmonic nanocircuit. (a) Three-dimensional (3D) sketch
illustrates the left and right circular polarized beams are selectively routed in
different DSLPPs waveguide, as annotated with red and purple arrows,
respectively. (b) Scanning electron microscopy image shows the top view of
the fabricated device. The inset shows the magnified local image of the achiral
SRC.

Full 3D finite-difference time-domain (FDTD) simulations
were first performed to optimize the structural parameters of
the device for effectively sorting the incident radiation
according to the state of spin (see Supporting Information S1 for

2| J. Name., 2012, 00, 1-3

optimization study of SRC geometry). In those simulations, the
diffraction-limited optical waves are normally focused on the
SRC with respect to the sample surface at the design
wavelength of =532 nm, which is selected due to the fact that
it is consistent with excitation wavelength of most commonly-
used quantum emitters in experiments?4. From Figure 2a it is
clearly observed that, under the left circular polarization (LCP)
and right circular polarization (RCP) illumination, the resonant
mode is first excited at the SRC and subsequently routes along
the corresponding DLSPPs waveguide giving rise to
unidirectional energy flow. In other words, when a majority of
incident light is coupled into the left (right) branching DLSPPs
waveguide, a small part of optical power is in turn directed into
the right (left) branching DLSPPs waveguide, leading to a large
directionality contrast of [ 15.7 dB, which is evaluated by 10
logio (Pl/Pz), where Piis the power for the desired
polarization from one output waveguide, while P is the power
for the wundesired polarization from the
waveguide. The underlying mechanism of spin-selective power
flow can be understood by the SOl i.e., the spin of incident field
couples to the resonant mode within a curved orbit (i.e., split
ring) with the extrinsic angular momenta of thR/A., where h is
the Planck constant, R is the inner radius of split ring, and A, is
the effective wavelength?>. The handedness of the resonant
mode indicated by the sign of ‘+’ determines the direction of
coupling to the branching DLSPPs waveguide. To deeply reveal
the principles behind SOl phenomena, the optical intensities in
individual branching DLSPPs waveguide were calculated and
plotted as a function of the illuminating polarization angle. The
results are depicted in Figure 2b. We find that the intensities of
two branching DLSPPs waveguide are evidently contrast under
the LCP (with polarization angle of 90°) and RCP (with
polarization angle of 270°) illuminations, while they possess
equal intensities for any linear polarization (i.e. LP, with
polarization angle of 0, 180° and 360°). This is physically
reasonable due to the fact that LP, an equal superposition of
LCP and RCP, excites both DLSPPs waveguide equally, so the
output intensities of both DLSPPs waveguides is independent on
the polarization angle of incident LP beam.

(b)
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Figure 2. Nanoscale SOl-controlled directional coupler enabling selective
excitation of two DLSPPs waveguide modes. (a) Simulated near-field intensity
LCP and RCP
unidirectional power guiding along the left and right branching DLSPPs

distributions under incident polarizations revealing

waveguides, respectively. The dashed white lines represent the positions of
monitors used for detecting the transmitted intensities through the
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waveguides. (b) Output intensities of two branching DLSPPs waveguides
versus the incident polarization angles. The angles of 0, 180° and 360°
correspond to LP, while the angles of 90° and 270° relate to LCP and RCP
illumination, respectively

Now let us consider the experimental verification. We
fabricated the proposed DLSPPs devices using electron beam
lithography (EBL) and demonstrate spin-selective unidirectional
excitation in the fabricated nanocircuits. The geometric
parameters of SRC were selected according to above numerical
simulations. Fabrication details of the proposed device are
given in Methods. Far-field characterization of the fabricated
device with two branching DLSPPs waveguides expanding over
approximately 6 um was then conducted by a home-built
experimental setup allowing one to image and monitor the
scattered far field, where the spin-dependent excitation and
analysis were performed utilizing a linear polarizer and a
quarter-wave plate (see Methods). An incident beam with a
wavelength of 532 nm is focused onto the top of SRC at normal
incidence. Part of the incident light is coupled into SRC, and then
coupled from the SRC to the branching DLSPPs waveguides. By
tuning the orientation of quarter-wave plate relative to the
linear polarizer, an incident beam with different polarization
states can be generated. Light scattering from outcoupling
gratings is monitored in the reflection mode for LCP, RCP and LP
states (Figure 3a, b, c). The observed far-field emissions agree
well with the spin-sorting functionality theoretically predicted
with numerical simulations (Figure 2a). Circularly polarized (CP)
light beams with opposite handedness can effectively excite
and direct the DLSPPs modes to different waveguide branches,
whereas the LP light induces roughly equal intensity profiles at
both outcoupling gratings. Importantly, we also find that the
emission intensity obtained with the LP incident light is
approximately half of those for devices under CP beam
illumination. Or in other words, the power scattering from two
outcoupling gratings for LP light incidence is coupled to a single
outcoupling grating with CP light, confirming the SRC undergoes
the SOI process.

To further experimentally illustrate the SOl mechanisms and
compare with simulation predictions (Figure 2b), the intensities
emitted by two outcoupled gratings were measured for various
polarizations of the incident beam (between LP, RCP, LCP and
intermediate elliptical polarizations) by rotating the quarter-
wave plate from 0 to 360°. The results are depicted in Figure 3d.
The measured results under different incident polarization
states with opposite directionality are in good agreement with
the theoretical results. The incident photons with left and right
spin states can be selectively directed to the left and right
branching DLSPPs waveguides, respectively. In particular, the
average contrast of measured intensities is about 15.1 dB under
complete LCP and RCP incidence, verifying the high-
directionality of proposed nanocircuits.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Experimental verifications of SOl-enabled unidirectionality in
proposed plasmonic nanocircuits. (a,b,c) Far-field CCD images for device with
optimized geometry under LP, RCP and LCP illuminations at wavelength of
532 nm. The states of incident polarization are shown by black arrows. The
CCD images are superimposed with the device configuration to indicate the
structure’s position. (d) Measured emission intensities of two outcoupled
gratings as a function of the polarization of incident radiation. The
polarization state is controlled by adjusting the orientation of quarter-wave
plate with respect to linear polarizer. It varies continuously from LP (0, 90°,
180°) to RCP and LCP (45° and 135°, respectively) with intermediate elliptic
states.

Compared with recently reported spin-sorting structures!4
18 the proposed configuration appears to be more prospective
in developing advanced interconnect nanocircuits with
eliminating the structural Another two
orthogonal DLSPPs waveguides, as a most direct
demonstration, can be straightforwardly introduced around the
second opening to realize the beam splitting functionality after
SOl process. We fabricated the nanocircuits containing four
DLSPPs outputs with geometric parameters optimized above
and imaged the far-field scattering profiles (Figure 4a, b). We
find that the DLSPPs mode generated by photons with LCP (RCP)
spin is efficiently directed to the two DLSPPs waveguides in
vertical (horizontal) direction, which is consistent with that
depicted in Figure 3a (Figure 3b). More importantly, the
emission intensity of two individual outcoupling gratings under
LCP (RCP) illumination is almost identical and half of that
obtained in Figure 3a (Figure 3b), due to the symmetric
characteristics of structures which enable directing energy from

reconstruction.

the clockwise circulating mode (i.e., LCP) within SRC equally to
the two vertical DLSPPs waveguides with matched momentum,
and vice versa. For example, the relative intensities coupled out
from gratings |, Il, Ill and IV (as depicted in Figure 4a) under LCP
illumination are measured as 0.476, 0.483, 0.0094 and 0.0109,
respectively. Therefore, the proposed nanocircuits are capable
of splitting the energy by 50/50 without depending on the spin
state of CP incidence.

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Experimental illustration of SOl-controlled unidirectionality in
proposed plasmonic nanocircuits with four branching DLSPPs waveguides.
(a,b) Scattering images from the structure observed with (a) LCP and (b) RCP
at wavelength of 532 nm. The optical images are superimposed with the
structure configuration.

Conclusions

In  conclusion, we have proposed and successfully
demonstrated a simple plasmonic waveguide nanocircuit for
realizing on-chip spin-selective directional routing functionality.
Combinations of an achiral split-ring coupler and the orthogonal
DLSPPs waveguides enable us to fully control the spin trajectory
with a measured directionality contrast amounting to 15.1 dB.
The proposed device also enables flexible on-chip interconnect
applications by experimentally demonstrating a high-
directionality SOI beam splitter. Our work thus may open new
perspectives in designing complex spin-optical nanocircuits
exploiting manipulation of spin degree of freedom for future
nanophotonic technologies.

Methods

Numerical Simulations. All simulated results were obtained by
using the finite-difference time-domain method (FDTD) with
perfectly matched layer (PML) boundary conditions to absorb
the scattered outgoing EM radiations. The nanodevice consists
of the PMMA waveguides (nppma = 1.49) sitting on the silver
substrate, whose wavelength-dependent optical constants
were selected based on the experimental data reported by
Johnson and Chirsty?6. Convergence tests were also done to
ensure the meshing and boundaries have minimal effect on the
solutions. To obtain circular polarization, we employed two 2-
um-diameter linearly-polarized coherent Gaussian beam
sources with orthogonal polarizations and a constant phase
difference of 90°. The spin states of LP, LCP and RCP can be
obtained by adjusting their polarization angles. To obtain the
emission intensity, two power monitors were integrated on
individual branching DLSPPs waveguide at 3 um away from the
SRC. A profile monitor was parallelly set with silver surface upon
5 nm away to extract the power flow profiles.

Sample Fabrication. The structures were fabricated by multi-
step processes including electron beam evaporation coating
and electron beam lithography (EBL). First, 3 nm Ti and 100 nm
Ag were prepared on Si substrate by electron beam evaporation
(DE500C), the Ti film is only used as adhesive layer, the
deposition rate of both is 2 A/s and the pressure in the cavity is

4| J. Name., 2012, 00, 1-3
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3x10® Torr. PMMA A4 was coated on the sample at the initial
speed of 100 rpm (60 s), and spin-coated on the sample at 3500
rpm (60 s) to obtain 200 nm PMMA coating, baked at 180 C for
90 s to remove the anisole solvent. Then, the pre-designed
structure layout was written into a 200 nm thick PMMA coating
using a 50 kV electron beam lithography system (Raith
VoyagerTM), and the effect of different exposure doses was
tested. A sketch of the fabrication process is available in the
Supporting Information S2. After development (1:3 MIBK-to-IPA
for 30 s followed by 30 s rinse in IPA), scanning electron
microscope (SEM) was used to observe the effect of different
exposure doses, and the sample parameters under the best
exposure dose were selected as the final experimental sample
parameters to complete the sample manufacturing.

Optical Measurements. The optical measurements were
carried out with a home-built microscope setup. For a sketch of
experimental setup, see the Supporting Information S3. A 532
nm continuous-wave pump laser beam is collimated utilizing
two lenses with an intermediate pinhole, and its polarization
state is adjusted with a linear polarizer coupled to a quarter-
wave plate. The pump polarization continuously varies between
LP, RCP and LCP by rotating the angle between polarizer and
optical axis of quarter-wave plate from 0 to 360°. The incident
beam is then tightly focused onto the sample using a 100x (NA
0.90) objective lens passed through a non-polarizing beam
splitter. The emitted signal is collected by the same objective
and then reflected at the beam splitter to the following CCD
camera.
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S1: FDTD simulation and optimization of the geometric parameters under normal and non-normal
incidence

S1.1: Design optimization of geometry under normal illumination
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Figure S1.1. 3D-FDTD design optimization of the proposed device for larger directionality contrast between
the two branching DLSPPs waveguide channels. The directionality contrast is defined as Ip / Ir under LCP
illumination. (a) The top view of the SRC with inner radius of » and width of w, The distance between the
center of SRC and the apex of two orthogonal DLSPPs waveguides is noted as g. (b) Directionality contrast
as a function of excitation wavelength for different inner radius » while keeping the values of w and g
constant as w = 150 nm and g = 60 nm, respectively. Due to the resonant characteristics of SRC, a strong
peak is observed at 4 = 532 nm for » = 200 nm with a maximum directionality contrast. (¢) Directionality
contrast as a function of wavelength for different ring width w while keeping » = 200 nm and g = 60 nm
reveals the optimal value of w = 150 nm. (d) Directionality contrast as a function of wavelength for device
with optimized parameters of » = 200 nm and w = 150 nm while varying the value of g. Due to the fact that
the parameters of SRC are fixed, thus the location of resonant peak is almost unchanged.
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S1.2: Optical response of device under non-normal illumination
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Figure S1.2. 3D-FDTD study of the directionality contrast as functions of both excitation wavelength and nor-
normal incident angle. (a) Schematic diagram of the considered coordinate system with respect to the proposed
device. We assumed that the beam obliquely shines the device in the x-z plane and y-z plane, with incident
angles of 4 and ¢, respectively. (b) Directionality contrast as functions of excitation wavelength and angle &
with ¢ = 0, which is clearly shown the resonant spectral characteristics for & varying from -6° to 6°, as shown by
the black dashed box. Two dashed white lines indicate the wavelength 4 = 532 nm and incident angle = 0. (c)
The influence of excitation wavelength and angle ¢ on directionality contrast with 8= 0. Same phenomenon is
observed. The results demonstrate the proposed nanocircuit possesses a strong tolerance against the tilted
incident angles within = 5° in x-z and y-z planes ensuring a high average directionality contrast over 25.
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S2: Sample fabrication
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Figure S2.1. Fabrication process of the samples. The Ti and Ag films are successively deposited on the Si

substrate. The structured Ag surface is then covered by a PMMA layer using spin-coating, and then the
samples are prepared utilizing EBL.
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Figure S2.2. (a) The atomic force microscopy (AFM) image of the fabricated sample. (b) The height
profile across the blackline depicted in the inset of (a), validating the fabrication precision.
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S3: Optical setup utilized for characterization of DLSPPs directionality
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Figure S3. Experimental setup for characterizing emission properties of samples. A 532 nm laser beam is
collimated by a set of lenses and pinhole, and passes a linear polarizer and a quarter-wave plate, resulting in
continuously varied polarization states between LP, RCP and LCP by adjusting the orientation angle of
quarter-wave plate with respect to linear polarizer. Afterwards, the beam is tightly focused onto the sample
by an objective. The reflected signal is imaged onto a CCD camera.



