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Abstract
We study projection-enabled enhancement of asymmetric optical responses of plasmonic
metasurfaces for photon-spin control of their far field scattering. Such a process occurs by
detecting the light scattered by arrays of asymmetric U-shaped nanoantennas along their planes
(in-plane scattering). The nanoantennas are considered to have relatively long bases and two
unequal arms. Therefore, as their view angles along the planes of the arrays are changed, they
offer an extensive range of shape and size projections, providing a wide control over the
contributions of plasmonic near fields and multipolar resonances to the far field scattering of the
arrays. We show that this increases the degree of the asymmetric spin-polarization responses of
the arrays to circularly polarized light, offering a large amount of chirality. In particular, our
results show the in-plane scattering of such metasurfaces can support opposite handedness,
offering the possibility of photon spin-dependent directional control of energy routing.

Supplementary material for this article is available online

Keywords: plasmonic metasurfaces, interference processes, spin photon, polarization spin, in-
plane scattering, nanoantennas, multipolar plasmon resonances
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1. Introduction

Plasmonic metasurfaces include two-dimensional arrays of
metallic nanoantennas capable of controlling optical phase
and near field properties in sub-wavelength scales [1, 2]. Such
features can be tailored by varying the sizes and shapes of the
nanoantennas, and considering different material structures.
The wide range applications of plasmonic metasurfaces
include novel optical devices [3–7], biosensors [8, 9], and
metalenses [10]. They also include enhancement of nonlinear
effects [11], generation of chiral materials [11–13], negative
refractive index [8, 9], and superchiral polarimetry [14].
Plasmonic metasurfaces are also used to investigate planar
chirality wherein the differences in the interaction of right and
left circularly polarized light (RCP and LCP) is utilized to
generate different forms of near field interaction in ultrathin
layers of materials [15–20]. Such planar chiral structures

allow plasmonic dichroism without a need for close coupling
with chiral molecules [21–23], radiative coupling with chiral
isotropic medium [24], orbital hybridization [25], or dipole–
dipole interactions between chiral molecules and plasmonic
nanoparticles [26]. Additionally, metasurfaces based on
opposite-chirality-coexisted meta-atoms is shown to support
four independent circular polarization information channels,
useful for polarization and frequency multiplexing [27].

In two-dimensional chiral structures control of plasmonic
resonances of nanoantennas via structural optimization plays
a key role [28, 29]. Along this, periodic arrays of V-shaped
[3, 6, 7, 30], L-shaped [31–34], and gammadion-shaped
nanoantennas [19], have been investigated. Addiotionally,
perforated S-shaped holes [35], and Au planar heptamers
have also been explored [36]. In these cases the presence of
the substrates and/or variations of shapes along the light
propagation axis, which break the symmetry, effectively
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Figure 1. (a) Schematic of the asymmetric U-shaped nanoantenna array and its side-scattering. (b) Projections of the asymmetric U-shaped
nanoantennas as viewed from four sides of the array at given angles of view. The arrays are fabricated on square glass substrates with 20 mm
sides. An objective scans the in-plane scattering from each side of the substrate within 0–20 mm range. (c) Scales and side denominations of the
NR and U-shaped nanoantennas.

transforms these structures into quasi three dimensional
arrays. Therefore, the incident light reaching the arrays from
opposite directions experiences different structural features.
Recent reports have shown that the chiral near field dis-
tributions of two-dimensional plasmonic metastructures can
be detected using the fluorescence properties of achiral
quantum emitters [37, 38].

In a recent report we studied in-plane far field scattering
(side scattering) of metasurfaces consisting of periodic arrays
of plasmonic bracket structures (��), demonstrating a trans-
ition between two super-cell states associated with such
structures [39]. In-plane scattering of arrays of flat nanorods
(NRs) has also been used to demonstrate application of sur-
face lattice resonances for an optical polarization switching
process for far field scattering with high extinction ratio [40].
Previous reports have also extensively focused on symmetric
U-shaped nanoantennas (split ring resonantors) for enhance-
ment of nonlinear effects and chirality [41], and enhancement
of second harmonic generation [42, 43]. Recent reports have
also shown that when a quantum dot is coupled to such a
nanoantenna, the polarization state of its emission can be
controlled, leading to chiral light of opposite handedness [44].

In this paper, we investigate the photon-spin control of
in-plane far-field scattering (in-plane scattering) in plasmonic
metasurfaces consisting of arrays of asymmetric U-shaped
nanoantennas (figure 1(a)). We show that, since such a scat-
tering is detected along the planes of the metasurfaces, the
positions and angles of view of the nanoantennas can offer
projection-enabled enhancement of asymmetric optical
responses of the arrays. As schematically shown in
figure 1(b), such a process is based on the fact that, because of
the asymmetry of the nanoantennas, with variations of the
angle of sideview, the size and shape projections of the
U-shaped nanoantennas can become dramatically different.
The asymmetry of the nanoantennas not only affects their size
and shape projections but also enhances their multipolar
resonances, leading to the introduction of additional pathways
for interference processes that influence the in-plane

scattering [45]. Consequently, extensive photon-spin asym-
metric features are observed in such scattering, which are not
observed in the front or back scattering of the arrays along the
z-axis (figure 1(a)).

We show that a prime impact of the projection-enabled
enhancement of asymmetry in the nanoantennas arrays con-
sidered in this paper is formation of significant amount of
directional chirality. This highlights the effects of the two
unequal arms of the nanoantennas in generation of polariza-
tion-dependent near fields and photon-spin dependent phase
properties. Mapping of the in-plane scattering around the
edges of the substrates supporting the asymmetric U-shaped
nanoantenna arrays (figure 1(b)) shows that the scattering
detected from each side offers different photon-spin respon-
ses. In other words, the scattering detected along the x-axis
(figure 1(b)) shows a higher efficiency for RCP, while on the
side of the longer arms (the y-axis) the scattering seems to be
more dominated by LCP. This suggests a directional chiral
scattering with opposite handedness, highlighting photon
spin-dependent routing of the scattered light. These results
offer a unique perspective of how asymmetry of meta-atoms
can be employed to control the coherent balance of con-
tributions of the multipolar plasmonic resonances, leading to
chiral properties.

2. Methodology

E-beam lithography was used to fabricate two types of sam-
ples, one containing arrays of asymmetric U-shaped
nanoantennas (sample 1) and the other arrays of nanorods
(sample 2), which acted as a reference. The NRs had lengths
of L � 850 nm and W � 225 nm. The asymmetric U-shaped
nanoantennas, however, had two arms with different lengths
(Ll � 300, and Ls � 100 nm) and a relatively long base with
length of L�935 (figure 1(c)). The insets of figures 2(a) and (b)
show the top-viewed SEM images of the NR and asym-metric
U-shaped nanoantennas, respectively. In both samples
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Figure 2. Extinction spectra of the NR arrays (a), and the asymmetric U-shaped nanoantenna arrays (b), for x-pol (solid lines) and y-pol
(dashed lines). (c) shows the extinction spectra of the U-shaped nanoantenna array for an incident light with RCP (dashed line) and LCP
(solid line). The insets in (a) and (b) refer to the SEM images of the corresponding samples, and in (c) to the difference between RCP and
LCP extinction spectra.

the lattice constants along x-axis (ax) and y-axis (ay) were 1.5
and 1 μm, respectively.

The extinction spectra of the samples when the incident
light reaches the samples at normal angle with polarization
along the x-axis (x-pol) or y-axis (y-pol) are shown in
figures 2(a) and (b). The results show that for x-pol (solid
lines) samples 1 and 2 have a peak with similar wavelengths
(peaks B′ and B). These peaks can be associated with the
longitudinal modes of the NRs and the bases of asymmetric
U-shaped nanoantennas with lengths L (figure 1(c)). For the
same incident light polarization, however, the asymmetric
U-shaped nanoantenna arrays (sample 1) have a prominent
peak around 693 nm (peak A). This peak can be associated
with the transverse modes of the arms. One expects that the
wavelengths of these modes to be close to each other. In the
case of NR array, however, at about 800 nm we can only see a
small kink (kink A′).

For y-pol (dashed lines) the NR arrays mostly support a
broad peak at about 830 nm (peak C′). The extinction spec-
trum of arrays of asymmetric U-shaped nanoantennas, how-
ever, is quite different. Here in addition to a peak at similar
wavelength as that of peak A (peak C), we can see three extra
peaks about 1000 (peak D), 1150 (peak E), and 1300 nm
(peak F). Note that peak C′ in may be associated with surface
lattice resonances of the NR arrays [46–48].

To analyze the impact of phase and multipolar modes
dictated by the structural features (asymmetry properties) of
the nanoantenna arrays, we spectrally analyze the in-plane
scattering of samples 1 and 2. For this we used an optical
setup consisting of a broad white light source, a polarizer
(P1), and a microscope objective (objective 1) to focus the
light on the samples with a given polarization (figure S1,
supporting information). The scattered light was then col-
lected by a second microscope objective (objective 2). As
schematically shown in figure 1(b), objective 2 was moved
along the edges of the substrates of the arrays, mapping the
in-plane scattering. The range of movement of this objective
was between 0 and 20 mm, i.e. the whole length of the sides
of the substrates. The angle of polarization of incident light

(θ) was measured with respect to the x-axis (figure S1). The
optical setup used to study chiral in-plane scattering was
similar, but with some differences. Here, as shown in figure
S2, we used a 780 nm laser beam combined with a quarter-
wavelength to generate RCP and LCP beams with the same
intensities. The power of the laser beam was then collected
via an objective (objective 2) and measured with a power-
meter.

3. Spectral in-plane scattering

The results of the in-plane scattering of the NR arrays when it
was detected along the x-axis and θ =  0° (x-pol) and 90◦  (y-
pol) are shown in figures 3(a) and (b), respectively. The
results show the amount scattering is significantly more for y-
pol (figure 3(b)). This can be associated with the fact that for
such a polarization the plasmonic dipoles of the NRs are
excited more efficiently within the range of our detector
sensitivity. In both cases, however, we can see scattering
mostly occurs at wavelength longer than 750 nm. Detection of
the light scattering along the y-axis, however, offers a dif-
ferent perspective (figures 3(c) and (d)). One crucial differ-
ence between this case and those shown in figures 3(a) and (b)
is their spectral features. In fact when detection occurs along
the y-axis, the scattered light has a spectral bandwidth
reaching 550 nm. Additionally, the results suggest that the
scattered light is more concentrated around 750 and 1100 nm.

The results for the case of asymmetric U-shaped
nanoantenna arrays are shown in figures 3(a′)–(d′). These
results show significant differences compared to the case of
the NR arrays, indicating the profound impact of the
nanoantennas arms and size/shape projections on the spectra
and intensity of in-plane scattering. Figure 3(a′) shows that
for x-pol and when the scattering is detected along the x-axis,
the scattered light is more spectrally localized at about 710
and 910 nm. For y-pol, however, the scattering concentrates in
the infrared range (�920 nm) with much higher efficiency

(figure 3(b′)). Figures 3(c′) and (d′) also show significant
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Figure 3. (a) and (b): The in-plane scattering for the NR arrays as a function of position when it was measured along the x-axis and the
incident light has x-pol and y-pol, respectively. (c) and (d) are as (a) and (b) but the scattering was measured along the y-axis. (a′)–(d′) are as
(a)–(d) but for the asymmetric U-shaped nanoantenna arrays. The inset in each figure shows the direction of detection of scattered light (green
arrows) and the axis of the incident light polarization (double-sided red arrows). The numbers on the scale bars refer to the detected scattering
counts.

changes in the scattering when it was detected along the y-
axis. Comparison of the results presented in figures 3(c) with
(c′) shows that for x-pol the impact of the unequal arms of the
asymmetric U-shaped nanoantennas includes some scattering
around 750, 950, and 1100 nm with relatively low counts. For
the case of y-pol, however, as comparison of figures 3(d) and
(d′) shows, the extra arms of the asymmetric U-shaped
nanoatennas have profound impact on the scattering spec-
trum. In fact here the scattering is more concentrated at �600
and �780 nm. Note that for better clarity the color coded
scales of the scattering counts of the NR array are considered
between 0 and 1300. In the case of asymmetric nanoantenna
array, however, the bar is between 0 and 2500, indicating
more efficient scattering by such an array.

4. Photon-spin control of in-plane scattering

The core aspect of this paper is investigation of enhanced
photon-spin responses of asymmetric U-shaped nanoantennas
by expanding the way plasmonic multipolar resonances and
phase can contribute to the scattering processes. To study this
we used the optical setup shown in figure S2. Figure 4 shows
the results for the power collected by objective 2 as it moved
along the edges of the substrate containing the asymmetry
U-shaped nanoantennas. The results show the prominent
differences between the scattering of the laser field for RCP
(dashed lines) and LCP cases (solid lines). When the scattered
laser beam is detected along the x-axis, the scattered intensity
for RCP is about two times of that of LCP (figure 4(a)). The
inset in this figure shows the results for ICD =  IRCP −  ILCP,
with a peak amplitude of about 35 nW (IRCP and ILCP are the

intensities associated with the dashed and solid lines in
figure 4, respectively).

Detection of the scattered laser field along the −y-axis,
however, shows the opposite case, indicating a more intense
scattering with LCP (figure 4(b)). The inset here shows a
ICD =  −25 nW. Such a switching from positive to negative
ICD is an indication of how the arms of the nanoantennas play
a key role on the nature of near and far fields of the arrays.
The results when the scattered laser field was detected along
the –x-axis also offer ICD =  −35 nW (figure 4(c)). Compar-
ison of these results with those in figure 4(a) shows how the
lengths of the arms influence the polarization-dependent
scattering process. In other words, along the x-axis, i.e. when
we face the shorter arm, the scattering intensity for RCP is
higher than LCP. When detection occurs along the same axis
but facing the longer arm, however, the scattering is more for
LCP (figure 4(c)). This highlights a photon spin-dependent
routing process, wherein the handedness of the incident light
polarization decides the direction of the scattering.

Alternatively, we can explore the efficiency of these
processes by defining an in-plane scattering anisotropy factor
(g) as [49]:

g(r) = A-(r)
ˆ (r

A+(r)
. (1)

Here A+(r) and A−(r) refer to the in-plane scattering power
associated RCP and LCP, respectively. r =  x for is detection
along the y-axis and r =  y for detection along the x-axis. A(r)
is the their average, given by:

A(r) = A+(r) + A-(r)
. (2)
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Figure 4. In-plane scattering of the asymmetric U-shaped nanoantenna arrays when the incident laser beam is right (dashed lines) and left
(solid lines) circularly polarized. The insets shows the SEM images of a unit of the array and the directions of detection of the in-plane
scattering (red arrows). In (a) light is detected along the x-axis, in (b) along the −y-axis, in (c) along the −x-axis, and in (d) along the y-axis.
The right insets shows the difference between RCP and LCP scattered light.

The results shown in the supporting information section
(figure S3(a)) indicate a maximum value of g of about 0.5 for
the results shown in figure 4(a). On the other hand, for the
case of figure 4(c), i.e. detection along the −x-axis, g has a
minimum of about −0.4 (figure S3(c)).

To further discuss the photon-spin control via projection-
enabled asymmetry, we used an achromatic quarter-wave
plate with effective range from 500 to 800 nm to study the
extinction spectra and in-plane scattering sample 1 for LCP
and RCP when the incident light was a white light source.
The results for the extinction spectra are shown in figure 2(c).
These results show very small variations in the spectra as the
incident light polarization changes from RCP to LCP. In fact at
750 nm the percentage of variations is found about 4%,
which is within the systematic errors of our system. This
shows, when viewed from the front, the asymmetry of the

U-shaped nanoantennas studied in this paper does not amount
to any significant chirality. Note that around 800 nm, the
efficiency of quarter wavelength plate was reduced, therefore,
this region was ignored.

The in-plane scattering, however, offers a different sce-
nario. To see this, we carried out spectral in-plane
spectroscopy similar to that in figure 3, but instead of linearly
polarized light we used a white light source with LCP and
RCP. The results presented in figure 5 show that when scat-
tering was detected along x-axis, LCP (figure 5(a)) and RCP
(figure 5(b)) offer different results. This indicates high spin-
photon selectivity caused by harvesting the asymmetry of the
nanoantennas when they are viewed from the side. Figure 5(c)
shows the difference between the counts associated with LCP
and RCP. Considering these results, at 750 nm we found the
percentage of variations of the RCP and LCP counts about
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Figure 5. The x-axis in-plane scattering of the asymmetric U-shaped nanoantenna arrays as a function of position when the incident light has
LCP (a) and RCP (b). (a′) and (b′) are as (a) and (b) but the scattering was measured along the y-axis (green arrows). (c) and (c′) show the
differences between LCP and RCP when scattering detected along the x-and y-axes, respectively.

Figure 6. The x-axis in-plane scattering of the NR arrays as a function of position for incident light with LCP (a) and RCP (b). (a′) and (b′) are as
(a) and (b) but the scattering was measured along the y-axis. (c) And (c′) show the differences between LCP and RCP when scattering
detected along x-axis and y-axis, respectively.

40%, which is about one order magnitude higher than that
seen in the case extinction spectra (figure 2(c)). For the case
when scattering was detected along y-axis, however, we
observed a less level of chirality (figures 5(a′)–(c′)). It is
obvious, however, that here the scattering counts via LCP is
more than that RCP, as also indicated in figure 5(c′). The
contrast between these results and those in figures 5(a) and (b)
can be attributed to the fact that these two cases correspond to
different paths of in-plane scattering detection. Consequently,

they depend on different viewing angles and side view pro-
jections of the nanoantennas, which ultimately affect the
chiral response. Figure 6 shows the results for the case of the
NR arrays. These results suggest that the differences between
LCP and RCP when the scattering detected along the x-axis
(figures 6(a)–(c)) and y-axis (figures 6(a′)–(c′)) are insignif-
icant. Comparing these results with those presented in
figures 3(a)–(d), however, shows the contrast of scattering for
NR arrays for linearly and circularly polarized light. When the
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Figure 7. (a) Simulation results for extinction spectra of the
asymmetric U-shaped nanoantennas when the incident light is
linearly polarized along the x-axis (solid line) and y-axis (dashed
line). (b) Simulation results when the incident light is RCP (solid
line) and LCP (dashed line). Here the substrate is considered to be
glass and the superstrate is air.

scattering detected along x-axis, for example, the results of
these two cases seem to be similar spectrally. However, for
scattering detected along the y-axis, these two cases lead to
different spectral outcomes. In fact for the case of circularly
polarized light the scattering intensity is mostly increased
with wavelength monotonously (figures 6(a′) and (b′)). In the
case of linear polarization, however, the scattering counts are
mostly concentrated at 780 and 1000 nm. This can be asso-
ciated with the fact that the scattering of NR arrays is solely
associated with single NR scattering. Rather, the contribu-
tions of other NRs lead to a collective response.

To analyze the plasmonic modes of the asymmetric
U-shaped nanoantenna array, we analyze their mode properties
using finite difference time domain (FDTD) method. For this,
using the Device Multiphysics Simulation Suite of Lumerical
software (2020a version), we considered a structural file con-
sisting of a Au asymmetric U-shaped nanoantenna with similar
dimensions to those in figure 1(c). Such a nanoantenna had
periodic boundary conditions along the x- and y-axes and the

S  M Sadeghi et al

light was reaching from the top (figure S4). Figure 7(a) shows
the results of the simulation for the extinction spectra for x-pol
(solid line) and y-pol (dashed line). Comparing with the
experimental results shown in figure 2(b), the simulation results
show the main features, although lack of inclusion of edge
roundness, shapes and size fluctuations have led to some dis-
crepancies. Figure 7(b) show that results when the incident
light was considered to be RCP (solid line) and LCP (dashed
line). Again, here the results seem to be in good match with
those presented in figure 2(c). These results emphasize the fact
that for the range of wavelength considered considered in this
figure, the impact of photon spin in the extinction spectra of
sample 1 is insignificant.

Figures S5(a)–(f) show the modal field enhancement
factors, defined as the field intensity in the presence of the
nanoantennas arrays to that in their absence, for y-pol at
different wavelengths. These results suggest the peak at about
727 nm has a multipolar character along the longer arms of
the nanoantennas (figure S5(b)). At 1000 nm this is replaced
with a transverse mode for the base of the nanoantennas
(figure S5(c)). At 1242, 1393, and 1621 nm, as seen in figures
S5(d)–(f), the dominant asymmetric modes of the nanoan-
tennas become quite evident. Distinct asymmetric modal
features can also be seen in the case of x-pol, as shown in
figures S5(a′)–(c′) for 757, 1075, and 1727 nm, respectively.

The results of simulation for modal field enhancement
factors when the incident light is RCP and LCP are shown in
figure 8. This figure provides clear contrasts in the mode
profiles associated with these polarization states at 606 nm
((a) and (a′)), 742 ((b) and (b′)), and 969 nm ((c) and (c′)). The
results show how the combined impact of asymmetry of
U-shaped nanoantennas and circularly polarized light on the
plasmonic mode enhancement factors. The outcome suggest
dramatically different near fields, particularly at 742 and
969 nm. Such a pronounced chiral field, however, does not
have significant impact in the far field when detected along
the z-axis, as suggested by figures 2(c) and 7(b).

Note that previous reports have shown that in-plane
scattering in arrays of nanoantennas can be influenced by the
interference processes between different scattering compo-
nents associated with the plamson modes of the nanoantennas
[44, 45, 50, 51]. As shown in [45], such processes allow
control of directions and wave-fronts of the scattered light. In
the case of asymmetric U-shaped nanoantennas considered in
this paper, different angles of view (figure 1(b)) is expected to
project different phase and paths of interference processes.
Additionally the high degree of structural asymmetric allow
resonance excitations of different plasmonic modes at a given
wavelengths. Therefore, here we deal with phase interference
processes of multipolar processes that can are controlled by
the angles of view.

Note that the results of this paper introduced chirality to
metasurfaces that, based on transmission-based measurements,
would otherwise be considered nearly achiral. This opens up
new avenues for the development of chiral structures. Addi-
tionally, since the systems studied in this paper employed an in-
plane scattering configuration, they provide a significantly larger
footprint for the interaction of light with nanoantennas compared

7



Nanotechnology 34 (2023) 415201 S  M Sadeghi et al

Figure 8. Simulation results for the modal field enhancement factors in the x–y plane for 606, 742, and 969 nm when the incident beam is LCP
((a)–(c)) and RCP ((a′)–(c′)). The vertical color bar refers to the range of the field enhancement factor. The x–y plane passes through the middle
of the height of the nanoantenneas, i.e. 20 nm from the substrate.

to transmission-based systems. This feature holds the potential
to offer significant advantages in sensor applications and devi-
ces, including lasers and in-plane optical filters [52, 53].

5. Conclusions

We studied enhancement of photon-spin dependency of the
far field optical responses of plasmonic metasurfaces con-
sisting of periodic arrays of asymmetric U-shaped Au
nanoantennas. Such a process happened when the far field
scattering was detected along the planes of the arrays (in-
plane scattering). Our results showed that this can lead to
extensive chiral optical responses, as the size and shape
projections of nanoantennas were changed dramatically with
position and angle of view, when the arrays were viewed from
their sides. Combination of this with the impact of circularly
polarized light offered a unique technique wherein far field
scattering can effectively carry the effects associated with the
photon spin dependent near fields and the interference pro-
cesses associated with multipolar plasmon resonances. Our
results showed that the large degrees of structural asymmetry
of the nanoantennas studied in this paper supports enhance-
ment of interference processes at different wavelengths,
leading to significant different side-dependent in-plane scat-
tering. The outcomes offerred extended regime of photon-spin
control of scattering and its directional control.
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