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ABSTRACT: Based on a phase-modulated metallic nanoslit
array, an angular momentum (AM) beam splitter has been
demonstrated to distinguish both spin and orbital components
carried by the light beam. With such a device, the AM modes
could be coupled into nondiffracting surface plasmonic beams
propagating toward different directions. According to the
experimental results, the extinction ratio for spin AM beam
splitting is larger than 10 and the spatial interval of adjacent
orbital AM modes (with a topological charge interval of 2) is
more than 1.1 μm. We believe that such a device would have
great potential to achieve a highly compact photonic
integrated circuit with the plasmonic beam.

KEYWORDS: nanoplasmonics, angular momentum of light, nondiffracting surface beam, beam splitter, mode discrimination,
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It is well known that photons can carry both spin and orbital
angular momentum (OAM),1−4 which represent the

chirality and helicity of the photon, respectively. The spin
angular momentum (SAM) is well known as corresponding to
the polarization state of a light beam, while the concept of
OAM was relatively unfamiliar until it was found that the
Laguerre−Gaussian mode carries well-defined OAM.5 The
OAM, typically operating as an optical vortex with a phase
singularity in the center, arises from the helical phase fronts
with a form of exp(ilφ) where l could be any integer and is
known as the topological charge. Vortex beams have been
employed in various applications such as optical communica-
tion,6−12 enhanced sensing,13 imaging,14,15 quantum proces-
sion,16−18 and light manipulation.19−23 Especially due to the
infinite dimensionality, the OAM is considered as the degree of
freedom for high-dimensional information encoding and
processing.9,24,25 On the other hand, SAM is also an important
degree of freedom to achieve data processing. To further
increase the data capacity, the AM, including both OAM and
SAM, have emerged as multiple degrees of freedom for
multiplexing encoding in both classical and quantum
domains.9,26,27 Therefore, it is essential to achieve the
detection of both OAM and SAM at the terminal of
communication systems. Traditional schemes based on bulk
components are usually space-consuming and expensive, while
devices in practical optical communications are expected to be
compact for dense integration.
In recent years, optical metasurfaces have attracted more and

more attention since both compact integration and flexibly
designing the optical field could be readily achieved.28−35

Especially, utilizing the surface plasmon polariton (SPP) wave

could further reduce the size of devices and achieve
nanophotonic circuits within a subwavelength scale, benefiting
from the combined confinement of both photons and the
collective oscillating electrons.36−41

There are some previous works to detect or sort the SAM
modes with the help of SPP beams, and the structures include
the Λ-shaped metallic nanoslit array42−47 and metallic
nanoslit46,48 for incidence with phase gradient or geometric
phase gradient metasurfaces.49,50 Those structures could
couple the incident light into SPP beams propagating toward
different directions according to the carried SAM, respectively.
Likewise, several studies on OAM detection have also been
conducted. Chen et al.51 have demonstrated an asymmetric
plasmonic nanograting to couple the OAM modes into two
separate SPP beams with different splitting angles determined
by the topological charges of the incident beams, respectively.
The carried OAM could be discriminated by interrogating the
splitting angle. However, the generated SPP beam would suffer
from beam diffraction, which limits the mode discrimination.
To improve it, proper phase modulation could be introduced
on the gratings so that the beam diffraction could be
controlled. Mei et al.52 have demonstrated a semiring
plasmonic nanoslit to focus the excited SPP beams with
reduced beam width in the hot spot to facilitate mode
discrimination. However, the spatial interval between adjacent
modes is only as small as 120 nm, which is limited by the focal
length of the semiring. If the generated SPP beam could
propagate without diffraction, the spatial interval would be
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enlarged at a longer distance. Typically, there are several kinds
of nondiffracting beams, such as Bessel-like beams,47,53−61 Airy
beams,45,62−65 bottle beams,66,67 and arbitrary bending
plasmonic beams.68 Among them, the localized cosine-Gauss
beam47,58−60 (LCGB) is a kind of Bessel-like beam and was
first proposed by Lin et al. in 2012. It could propagate along a
straight line with most of the energy confined in the main lobe.
Therefore, the mode discrimination would be improved if the
generated SPP beam is an LCGB. However, there is no report
about such a device that could achieve OAM beam splitting,
not to mention SAM beam splitting simultaneously.
In this article, a compound phase-modulated angular

momentum beam splitter (compound PM-AMBS), which is
a combination of grating structure and spatially varied Λ-
shaped nanoapertures, is proposed and demonstrated to
distinguish both SAM and OAM with optimized mode
discrimination. In our previous work,47 a phase-modulated
SAM beam splitter composed of two columns of orthogonally
tilted and spatially varied nanoapertures has been demon-
strated to separate different SAM modes into unidirectional
LCGB propagating toward two opposite sides, respectively.
Here, the OAM splitting is also implemented by placing a
group of such phase-modulated SAM beam splitters along the
azimuth direction of the incident beam profile. The OAM
beams would be coupled into LCGBs propagating toward
different directions due to their different phase gradients
corresponding to the topological charges. With such a
compound device, both SAM and OAM beam splitting can
be achieved simultaneously. The measured spatial interval for

OAM mode splitting is larger than 1.1 μm at the detection
position of 30 μm (with topological charge interval of 2), and
the extinction ratio for SAM mode splitting is larger than 10.

■ PRINCIPLE
The incident light beam is considered as a circularly polarized
Laguerre−Gaussian (CPLG) beam with a vacuum wavelength
of λ. The corresponding complex amplitude of the electric field
in the cylindrical coordinate system (r, φ, z) can be written as
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where σ = ±1 denotes the quantized SAM per photon for
right/left-handed circular polarization (RHCP/LHCP), re-
spectively, and upl is the complex amplitude of the Laguerre−
Gaussian (LG) mode is and given by
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where p is the radial number, l is the topological charge with
values of any integer, apl is the normalized amplitude, Lp

|l|(x) is
the associated Laguerre polynomial, w(z) is the beam width
while w(0) represents the beam waist, and R(z) is the radius of
curvature of the wavefront. Furthermore, ψ = (2p + |l| +
1)tan−1[zλ/πw2(0)] is the Gouy phase.

Figure 1. (a)Schematics of the AM mode splitting. (b) Schematics of OAM splitting with an OAM beam splitter (OAMBS) with the used
parameters and corresponding coordinate also given. (c) Schematics of both SAM and OAM splitting with a compound AM beam splitter
(compound AMBS); the corresponding dimension parameters are given in the table below. (d) Schematics of both SAM and OAM splitting with a
compound AM beam splitter with phase modulation (compound PM-AMBS) for optimal mode discrimination; the corresponding dimension
parameters are given in the table below.
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Here, a CPLG beam carrying both well-defined SAM and
OAM is incident from the backside of a metal film and focused
on the upper surface. To separate the incident CPLG beams
into different directions according to the carried AM (both
SAM and OAM), we proposed an on-chip compound phase-
modulated AM beam splitter (compound PM-AMBS), which
is an array of spatially varied and Λ-shaped metallic
nanoapertures as shown in Figure 1a. For the sake of clarity,
the operation principle will be discussed in three parts.
OAM Beam Splitter. First, our target is to distinguish

OAM carried by a CPLG beam. In the transverse plane (x−y
plane) perpendicular to the CPLG beam propagating direction
(z-axis), there is an azimuth phase gradient of kOAM = l/r,
where r is the length of the position vector as shown in Figure
1b. Thus, the topological charge can be identified by measuring
such an angular phase gradient. To achieve it, a linear metallic
grating coupler with a period (d) of one SPP wavelength (λSPP)
is set along the azimuth direction at a certain position (r, φ)
corresponding to the incident beam profile. Actually, the
position should only satisfy r ≥ D/2, where D = (N − 1)d +
dslit is the width of grating coupler, where N and dslit are the
number of slits in the grating and the width of each metallic
slit, respectively. However, to achieve higher coupling
efficiency, the grating should cover all of the incident CPLG
modes with the absolute value of topological charges ranging
from [|l|min, |l|max]. Therefore, without loss of generality, the
grating is set along the y-axis at the position (r = r0, φ = 0) and
r0 ≈ [rmax(|l|min) + rmax(|l|max)]/2, where = | |r l w l( ) (0) 2 /2max
is the mode radius with the topological charge l. Besides, rmax(|
l|min) − rmax(|l|max) ≤ D ≤ rmax(|l|min) + rmax(|l|max) should also
be satisfied. The x-coordinate of the ith metallic slit within the
grating could be expressed as

= − − + =x r N i d i N( 2 1) /2, 1, 2, ...i 0 (3)

With such a metallic grating, the incident CPLG beam would
be coupled to the SPP mode propagating along the metal
surface. Simultaneously, a nearly linear phase gradient ktilt =
kOAM (r = rmax) along the grating coupler is introduced to the
SPP beam due to the transverse wave vector matching between
the incident CPLG beam and the excited SPP beam.
Therefore, a tilt angle of θtilt would be introduced due to the
phase gradient of ktilt and could be expressed as

θ = k karcsin( / )tilt tilt SPP (4)

where kSPP is the propagation constant of the SPP beam.
Thus, the topological charge of the incident CPLG beam

would be mapped to the tilt angle θtilt of the generated SPP
beam. Figure 1b shows the corresponding distribution of the
normal electric field, and it can be found that the generated
planar SPP beam propagates with a tilt angle of θtilt in both
sides. Therefore, this linear metallic grating coupler acts as an
OAM beam splitter (OAMBS), and the incident CPLG beam
would be coupled to a certain SPP mode with a tilt angle of θtilt
according to the topological charge of l.
Compound AM Beam Splitter. It should be noted that

the OAM beam splitting depends on the position and
orientation of the grating rather than the exact type of
scattering unit. If each metallic slit in the grating is replaced by
another subwavelength scattering unit, the OAM splitting
would still be valid. Thus, by properly designing the scattering
unit, the SAM mode splitting can be achieved simultaneously.
In ref 43, the polarization-controlled directional coupler of the

SPP beam is demonstrated, as shown in the dotted box in
Figure 1c. Such a coupler consists of two columns of uniform
45° tilted Λ-shaped nanoapertures on the metal film and could
split two kinds of SAM modes in two opposite directions.
Here, such a coupler is employed to replace the metallic slit in
Figure 1b. Therefore, the whole grating composed of several
such couplers behaves as a compound AM beam splitter
(compound AM-BS) for both SAM and OAM. For the
generated SPP beam, the propagation direction (positive/
negative x-axis) and the tilt angle θtilt would be determined by
the SAM and OAM carried by the incident CPLG beam. The
electric field distribution of the calculated normal component
of the generated unidirectional planar SPP beam for the
incidence with LHCP is also shown in Figure 1c.
However, the generated SPP beam in either Figure 1b or

Figure 1c is a planar wave, which would suffer from beam
diffraction. Thus, there would be mode overlap and crosstalk
between the two beams with close topological charge.

Compound Phase-Modulated AM Beam Splitter. To
further improve the mode discrimination, the excited SPP
beam should possess a longer propagation distance and smaller
mode volume. In our previous work,47 we have proposed and
demonstrated a phase-modulated coupler, in which a spatially
distributed phase gradient of φ(y) = −kSPP|y|sin(α) was
introduced by spatially varied nanoapertures within the coupler
as shown in the dotted box in Figure 1d. The generated LCGB,
originated from two intersecting plane SPP beams with a
rotational angle α, can be described as47,60
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where W0 is the minimum of the beam waist of the incident
light beam and the aperture radius of the coupler. The
Gaussian distribution of the electric field would be modulated
by a cosine function which depends on α so that the LCGB
could propagate in a nondiffracting manner. The larger the
rotational angle is, the more energy could be concentrated
within the main lobe, and the propagation length is shorter.
Therefore, the propagation characteristics of the generated
LCGB can be controlled by properly setting the value of α.
With such a phase-modulated coupler, a unidirectional LCGB
could be generated according to the polarization state of the
incident beam. Here, the uniform Λ-shaped nanoapertures
within the compound AM-BS are modified to phase-
modulated ones, so that the incident CPLG beam would be
coupled to a nondiffracting LCGB instead of a planar SPP
wave. The electric field distribution of the calculated normal
component of the generated unidirectional LCGB with the
incidence of LHCP is also shown in Figure 1d, which indicates
better mode discrimination than that in Figure 1c.
All in all, our proposal is named as a compound phase-

modulated AMBS (PM-AMBS) since it is a combination of
grating structure and spatially varied Λ-shaped nanoapertures.
With such PM-AMBS, the incident CPLG beam could be split
into different directions according to the carried AM (both
SAM and OAM).

■ SIMULATION RESULTS
To verify our proposal, finite-different time-domain (FDTD)
simulations have been performed. The thickness of the gold
film and the operation vacuum wavelength are set as 100 nm
and λ = 980 nm (corresponding to λSPP ≈ 960 nm),
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respectively. The simulated length/width of the slit within the
OAMBS is set as 9 μm/200 nm, while the corresponding
geometric parameters for the compound PM-AMBS and
compound AMBS are given in Figure 1c,d, respectively. The
period of each beam splitter is set as one SPP wavelength of
λSPP. In the simulation, the beam waist of the incident CPLG
beam is set as 3 μm, and without loss of generality, the relative
position is set as r0 = 5 μm.
First, all three kinds of beam splitters have been simulated

and compared. The simulated intensity distributions for

OAMBS/compound AMBS/compound PM-AMBS with
LHCP and a topological charge of 4 are shown in Figure 2a.
For OAMBS, the launched SPP beams exist on both sides
while only one side for the other two beam splitters.
Furthermore, with phase modulation, the launched SPP
beam would be much more concentrated. For clarity, the
intensity distribution curves along the y-direction at x = −15
μm for all beam splitters are provided in Figure 2b. The peak
intensity for compound PM-AMBS is almost twice that of
compound AMBS without phase modulation. Besides, the

Figure 2. Comparisons of three beam splitters (OAMBS/compound AMBS/compound PM-AMBS) (a) Normalized intensity distribution of the
launched SPP beam. (b) Intensity distribution curve of the launched SPP beam along the y-direction at x = −15 μm. (c) Simulated extinction ratio
and beam width of the launched SPP beam at x = −15 μm.

Figure 3. (a) Simulated intensity distributions of launched SPP beams for incident light beams carrying different AM. (b) Simulated extinction
ratio vs topological charge of OAM modes for both LHCP and RHCP. (c) Simulated tilt angle θtilt and beam width at |x| = 15 μm of launched SPP
beam vs topological charge.
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beam width at x = −15 μm (estimated from the Gaussian
fitting of the intensity curve) is also shown in Figure 2c.
Obviously, the launched SPP beam from compound PM-
AMBS possesses the smallest beam width. Therefore,
considering both coupling efficiency and beam width, the
PM-AMBS would be most suitable for OAM beam splitting.
Besides, Figure 2c shows the extinction ratio, which is defined
as the ratio of transmission coefficients of the two sides. The
higher the extinction ratio is, the better the mode
discrimination of SAM. The Λ-shaped nanoapertures (includ-
ing compound AMBS and PM-AMBS) could achieve polar-
ization-controlled unidirectional launching of the SPP beam
with an extinction ratio larger than 20. Notably, the extinction
ratio can be further improved after phase modulation. Thus,
the compound PM-AMBS also possesses optimal SAM mode
discrimination. As expected, the compound PM-AMBS can
achieve the best performance.
Next, the AM beam splitting performance of compound PM-

AMBS is investigated in more detail. Figure 3a shows the
simulated intensity distributions of the launched SPP beams
for the different AM carried by the incident light beams. It can
be seen that the launched SPP beams would propagate toward
different directions according to the AM. Figure 3b shows the
extinction ratio vs topological charge for both LHCP and
RHCP. The extinction ratios for different AM modes are quite
different. There are several factors to cause such a difference.
First, the maximum extinction conditions of Λ-shaped
nanoapertures only work well when no phase gradient exists
along the coupler and the extinction condition would be worse
as the phase gradient is larger. Therefore, the extinction ratio
for the smaller phase gradient case (l = 2 and l = −2) would be
relatively larger. Then, the SPP beam would be unidirectionally
launched due to the near-field interference of the circular-
polarized dipole.48 The SPP beam launched from the RHCP
incident beam would be preferred to the left, while to the right
for the LHCP case when there is a positive phase gradient
along the y-direction and vice versa. Therefore, for an LHCP
incident beam, the extinction ratio for the negative topological
charge is larger than that for the positive one, and for RHCP, it
is opposite. Next, the asymmetric distribution of intensity
exerted on the structure also leads to the different extinction
ratio for the left and right side. Therefore, the extinction ratio
for LHCP is larger than that for RHCP since much more
intensity is incident on the left side of the structure. Finally, the
relative position r0 would also affect the extinction ratio
dramatically (see Supporting Information for details). It should
be mentioned that the minimum extinction ratio is larger than
8, which is high enough to render good SAM discrimination.
Figure 3c shows the tilt angle θtilt vs different AM carried by

incident light beams. The tilt angle is nearly the same for
LHCP and RHCP and would increase with the topological
charge. Therefore, such a BS could be applied to separate
OAM modes into different paths with different tilt angles.
However, it should be noted that as the absolute value of the
topological charge is larger, the tilt angle would increase slowly
so that the ability of mode discrimination would be
deteriorated. Therefore, the launched SPP beam with a smaller
beam width is essential because the overlapping between two
adjacent modes could be reduced. Figure 3c also shows the
beam width at |x| = 15 μm vs different AM. The simulated
beam width is about 1.8 μm/2.1 μm for LHCP/RHCP, and
the small difference is mainly due to the asymmetry of intensity
and phase distribution for the left and right sides. Besides, the

corresponding comparison of beam width with compound
AMBS without phase modulation is also given (see Supporting
Information for details). Obviously, there would be a smaller
beam width with phase modulation for all cases, which would
be greatly helpful to improve the OAM mode discrimination.
In addition, it should be mentioned that the proposed
structure is not achromatic and could only operate within a
limited wavelength range of several tens of nanometers around
the designed wavelength (see Supporting Information for
details).
All in all, with our proposed compound PM-AMBS, the

incident CPLG beam could be separated into different paths
on chip according to the carried AM (both SAM and OAM)
with optimal mode discrimination.

■ EXPERIMENTAL RESULTS
Besides the numerical simulations, the corresponding experi-
ments have also been carried out by fabricating several samples
with a focused ion beam machine (FIB) (Tescan LYRA3). A
100-nm-thick gold film is evaporated on a quartz substrate with
a 5-nm-thick buffer layer of titanium through vapor deposition.
Figure 4a is the scanning electron microscope (SEM) image of

the whole structure composed of the compound PM-AMBS
and scattering gratings in both sides, and the enlarged area
shows the details. Two gratings in each side scatter the
generated SPP beams into free-space propagation modes for
measurement, and the spacing between the two gratings is
about 65 μm. For the measurement, a 980 nm laser source
(Thorlabs, CLD1015) is illuminated followed by a polarizer
and a quarter-wave plate (QWP). A spatial light modulator
(PLUTO, NIR-015) is utilized to generate a spiral phase
distribution. Then, a high numerical aperture objective (Nikon,
NA = 0.9) is applied to generate a focused vortex beam with a
beam waist of ∼3 μm, and another objective (Nikon, NA =
0.3) is adopted to collect the scattered light. Last, the scattered

Figure 4. (a) SEM image of our proposed compound PM-AMBS in
the middle and scattering gratings in both sides. The enlarged areas
show the details. (b) Scattered signals of launched SPP beams for
incident light beams carrying different AM.
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light is detected by a charge-coupled device (CCD) camera
(Thorlabs, 4070M-USB).
The typical measured results for incidence with different AM

are shown in Figure 4b. The smaller bright spots are scattered
light of the launched unidirectional SPP beams through the
grating, while the larger one is that scattered by the beam
splitter. Through the positions of those spots, it could be found
that different incident modes have been separated into
different paths according to the AM (l = −6, −4, −2, 2, 4, 6
and σ = −1, 1).
Furthermore, more information such as the transverse

intensity distribution, the tilt angle, and the extinction ratio
vs AM carried by the incident light beam could be obtained by
carefully dealing with the measured spots. First, the measured
intensity distribution curve of the launched SPP beam along
the y-direction at |x| = 30 μm for different AM is shown in
Figure 5a, in which the intensity is normalized by the threshold

of the CCD camera. The left part of Figure 5a corresponds to
LHCP incidence, while the right part is for RHCP incidence.
Typically, the exciting efficiency for LHCP is larger than that
for RHCP due to the asymmetric intensity distribution of
incident light beam as discussed in the Simulation Results. The
difference of exciting efficiency is mainly induced by the
different intensity distribution exerted on the device for
different OAM modes since the relative ratio of different
modes depends on the relative position of r0 and the beam
waist of the incident light beam. In the left case, the flat top of
the intensity curve for l = −4, −2, and 4 results from the CCD
saturation. From Figure 5a, it could be found that the different
OAM modes have been separated into different positions in
the transverse direction.
For clarity, the measured tilt angle θtilt of the launched SPP

beam vs topological charge for both LHCP and RHCP is
shown in Figure 5b. Similar to the simulation results, the tilt
angle varies from θtilt ≈ −0.18 rad to θtilt ≈ 0.17 rad as the
topological charge varies from l = −6 to l = 6. And only a little

difference between the results of two circular polarization
states is observed. Actually, the result is much closer to the case
with relative position r0 = 5.5 μm in simulation (see
Supporting Information for details). Besides, the relative tilt
angle is defined as the difference value between the tilt angles
of adjacent modes. It could be found that the relative angle
would be reduced for a larger absolute value of topological
charge, which is consistent with the simulation results. The
smallest relative tilt angle of about 0.036 rad in our case occurs
when l = −6 for LHCP, which equals a transverse position
interval of about 1.1 μm. Figure 5c shows the measured
extinction ratio vs topological for both LHCP and RHCP, and
the values for all cases are larger than 10. This indicates that
the proposed device could separate different SAM beams
successfully. Compared to the simulated extinction ratio, there
is a little difference. One reason is that in the experiment the
focal spot of the incident beam is not perfectly “donut” shaped
due to the alignment error, which leads to a tiny difference
between the experimental and the simulation results. Besides,
the calculation of the extinction ratio in measurement is a little
different from that in simulation (see Supporting Information
for details). The efficiency of the device is estimated by the
power of the incident beam over that of the scattered light, and
the value is about −34.25 dB (see Supporting Information for
details).

■ DISCUSSION AND CONCLUSION

In conclusion, we have proposed and demonstrated a phase-
modulated AM beam splitter that could separate AM modes
into different directions. The device is implemented along the
azimuth direction of the incident light beam profile,
comprising a group of phase-modulated SAM beam splitters
with a measured extinction ratio larger than 10. Through such
phase modulation, the nondiffracting LCGB could be
generated, and thus the mode discrimination could be
significantly improved. The measured spatial interval for
OAM mode splitting is larger than 1.1 μm at a detection
position of 30 μm (with a topological charge interval of 2). To
further improve the mode discrimination, there are two
possible solutions for increasing the spatial interval of two
adjacent separated modes or reducing the beam width of the
generated LCGB. Intuitively, the spatial interval is proportional
to the product of the tilt angle and the detection distance. First,
the tilt angle can be further enlarged by reducing the beam
waist of the incident beam as the phase gradient is increased.
However, there would be a trade-off between the tilt angle and
the SPP beam width (see Supporting Information for details).
Second, increasing the detection distance would also introduce
larger beam divergence. Therefore, the mode discrimination
would be limited by the beam width by enlarging either the tilt
angle or the detection distance. Interestingly, it is hopeful to
further shrink the beam width of the generated LCGB by
introducing additional phase modulation, which could be
achieved by designing the geometrical shape of the upper
dielectric layer.69 Therefore, with proper beam waist of
incidence and detecting position, accompanied by an addi-
tional beam compression, the mode discrimination could be
further improved. All in all, an AM beam splitter is achieved,
and we believe that our proposal is very promising to achieve a
highly compact photonic integrated circuit.

Figure 5. (a) Measured intensity distribution curve of the launched
SPP beam along the y-direction at |x| = 30 μm for different AM (left
subgraph for LHCP and right for RHCP). (b) Measured tilt angle θtilt
of launched SPP beam vs topological charge for both LHCP and
RHCP. (c) Measured extinction ratio vs topological charge for both
LHCP and RHCP.
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