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Abstract: We study the effect of oblique illumination on the functioning of a plasmonic nanoantenna
for chiral light. The antenna is designed to receive a structured beam of light and produce a nanosized near-field distribution that possesses non-zero orbital angular momentum. The design consists of metal (gold) micro-rods laid on a dielectric surface and is compatible with well-developed
nanofabrication techniques. Experimental arrangements often require such an antenna to operate in
a tilted geometry, where input light is incident on the antenna at an oblique angle. We analyze the
limitations that the angled illumination imposes and discuss approaches to mitigate these limitations. Through our numerical simulations, we find that tilt angles require modifications to the antenna design. Our analysis guides current and future experimental configurations to pushing the
limits of resolution and sensitivity.
Keywords: Plasmonic nanoantenna; Electric field norm; Tilted light incidence

1. Introduction
Technologies that use electromagnetic fields can be used with a large frequency
bandwidth, only limited by the frequency of the field used [1]. At the same time, their
spatial resolution is limited by diffraction. Similarly, technologies that use electronic
transport have a very small spatial resolution, limited by quantum confinement, which
can reach values around one nanometer [2]. However, they have a limited frequency
bandwidth, defined by electron mobility and device size. Electric field confinement by
plasmonic interaction has been explored for some time with very important results, from
localized light [3] to nano sources of radiation [4]. Furthermore, structured beams have
been applied to increase the amount of encoded information [5], [6]; their use in conjunction with plasmonics nanoantennas is of particular interest and will result in confined
field structures with sizes well beyond the diffraction limit [7].
A nanoantenna can control the field intensity of simple fields and linear states of polarization. Controlling the spatially structured field with an orbital angular momentum
(OAM) of a beam of light proves more challenging. This control is anticipated to reach the
dimensions defined by the beam, the antenna, and the geometrical arrangement between
them. Studies show that light with orbital angular momentum can interact with single
molecules and ions and directly induce quadrupole transitions [8], [9]. For efficient interaction with single molecules, light with OAM needs to be brought to the size of the interaction particle (nanometers). Plasmonic nanoantennas are the easiest way to break the
diffraction limit and “focus” the OAM beam to the nanoscale. The theory for subdiffraction focusing and probing quadrupole transitions is being developed rapidly [10]. However, experimental work has been limited by some technical aspects.
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In this paper, we studied the effect of oblique illumination and simulating defocusing
and adjustments close to centre on the functioning of a plasmonic nanoantenna for chiral
light. We consider a nanoantenna (eight-arms) for a beam of light with OAM that is incident at an angle greater than zero, to the normal antenna plane. To gain some intuition
and visualization with a case of normal incidence and Laguerre m = 1 beam, we constructed a two-arms dipole antenna to produce a basic guide for resonance at a wavelength approximately. After, we show how to improve illumination with oblique incidence and defocusing with nanometer steps adjustments close to the centre of the normalaxis reference. We show that the electric field magnitude over the antenna, because Laguerre-Gauss (LG) beams maximum gets further from the center increasing the beam diameter, though the working frequency decreases for the same reason, and the arm length
and central gap structure in antennas defines the resonant frequency. In a multi-rod antenna, attempts to correct the slanted angle α are limited because the antenna sees a beam
growing from 1 to 1/cos(α) in the two normal axes.
We considered the situation when the antenna is used in combination with an atomic
force microscope (AFM) with the side-illumination objective. The angle at which the side
objective is situated differs significantly from normal illumination, so it will affect the
functioning of the nanoantenna, and therefore it needs to be considered in our calculations. The antenna used in this work was inspired by a geometry achievable with a commercially focused ion beam (FIB) [14]. Figure 1 is a schematic figure of a Laguerre-Gauss
beam of light with OAM, the eight-arm antenna geometry, and finally, we show the intensity distribution of such beam at normal incidence.
Orbital Angular Momentum
Eight Arms Antenna

of a Beam of Light

(a)

(b)

(c)

Figure 1. (a) Spatially-structured-field with an orbital angular momentum (OAM) of a beam of light (b) Antenna geometry and antenna plane angle (α) relative to the electromagnetic wave propagation direction. (c) Antenna electric field

squared at normal incidence.
2. Materials and Methods
2.1. Orbital Angular Momentum (OAM) of a beam of light
A Laguerre-Gauss (LG) laser beam has more degrees of freedom than a regular
Gaussian beam [11]. Its propagation modes have rotational symmetry along its propagation axis and carry an intrinsic rotational orbital angular momentum of iħ per photon.
This means that a refractive object placed along the propagation axis will experience a
torque. Figure 2a presents a standard electric field norm ( 𝑛𝑜𝑟𝑚(𝐸) ≡ ‖𝐸‖ =
2

√|𝐸𝑥 |2 + |𝐸𝑦 | + |𝐸𝑧 |2 = √𝐸𝑥 𝐸𝑥∗ + 𝐸𝑦 𝐸𝑦∗ + 𝐸𝑧 𝐸𝑧∗ ) as presented by the scalar field in equation 1.
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In this representation, a typical connection between Cartesian and cylindrical coor𝑦
dinates is used, 𝑟(𝑥, 𝑦) = √𝑥 2 + 𝑦 2 , 𝜑(𝑥, 𝑦) = tan−1 , and with a beam radius at focus
𝑥

𝑧 2

defined by 𝑤0 , a beam size parameter 𝑤(𝑧) = 𝑤0 √1 + ( ) and a Rayleigh range 𝑧0 =
𝑧0

𝜋𝑤02

, k is the wave vector and λ is the wavelength.
The vector field propagating in the z-direction and with circular polarization is described with the usual Cartesian coordinates in the next expression:
𝜆

𝐸⃗ =

𝐸(𝑟,𝜑,𝑧)
√2

𝑖𝜋

𝑖𝜋

(𝑖̂𝑒 + 4 + 𝑗̂𝑒 − 4 ),

(2)

All the parameters are standard for light description. Emphasis must be placed on
the azimuthal index m, since 𝑚 = 0 describes a Gaussian beam and a 𝑚 = 1 describes a
Laguerre beam with an optical vortex. Figure 2b illustrates the electric field norm distribution over the antenna space that can be used to justify some of the limitations of the
antenna. The intensity distribution is zero at the axis of propagation z and changes along
with the antenna radial distance and with the beam radius. An incident beam with a radius of one micrometer accommodates the whole antenna in the low-intensity central region.

(a)

(b)

Figure 2. a) Cross-section profile of the electric field norm for a Gaussian beam (𝑚 = 0) and Laguerre- Gauss beam (𝑚 =
1). Both beams have 𝜔0 = 700 nm. (b) Electric field norm at r = 100 nm, near the center of the antenna and spatial location
of the maximum beam intensity. Both numbers are a function of the beam radius at the focal plane.

2.2. The nanolens
The plasmonic antenna relies on the dielectric function and requires a small resistivity. The accepted model for the dielectric function in metals is the Lorentz-Drude model
[12], which depends on the plasmonic frequency (𝜔𝑝 ) and the dissipation factor (𝛾).
𝜀(𝜔) = 1 − ∑𝑛

2
𝜔𝑝𝑛
2
𝜔 +𝑖𝜔γ𝑛

≈ 1−

2
𝜔𝑝

𝜔2

+𝑖

2𝛾
𝜔𝑝

𝜔3

,

(3)

The spectral study on frequency ω requires this dependence in the dielectric function.
In this work, we used parameters that are similar to gold [13] and useful for frequencies
larger than 500 nm. Figure 3 presents this dielectric function where the real part is negative, and relations with the optical constants are 𝜀(𝜔) = 𝜀1 + 𝑖𝜀2 = (𝑛 + 𝑖𝜅)2 and 𝑛2 =
(|𝜀| + 𝜀1 )/2, 𝜅 2 = (|𝜀| − 𝜀1 )/2.
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Figure 3. The dielectric function used for high conductivity metal antenna, the Lorentz-Drude model corresponds with

gold.
The antenna consists of 8 arms straight rods, approximately 500 nm in length, 40 nm
width and 50 nm in thickness [14] shown in Figure 4a. Figure 4b presents one arm, as well
as its location (100 nm with respect to the center of the antenna) and the angle α between
the propagation vector and the normal to the antenna plane.

(a)

(b)

Figure 4. (a) Antenna plane with the eight arms in addition to the simulation volume cross-section with a diameter of 1600
nm. (b) One-arm antenna geometry and antenna plane angle (α) relative to the electromagnetic wave propagation direction.

Figure 4a presents the geometry of the whole antenna, designed to be resonant with
a wavelength of 1800 nm [15], and the simulation volume, where the propagation of the
beam as well as the contribution from the antenna are measured.
This spatial simulation allows us to study performance as a function of the wavelength [16], and the modifications due to noncollinear conditions between the antenna
axis and the propagation vector.
When the antenna plane is normal to the beam propagation, the electric field on the
antenna is symmetrical if an even number of arms is used in the antenna. Otherwise, the
antenna plane is not normal to the beam propagation, the electric field on the antenna is
not symmetrical, though the intensity is still symmetrical. In the latter case, the adjustments to the antenna due to changes in intensity are inevitable, such as uneven arms and
asymmetrical location.
3. Results
3.1. Electric field control with lens
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The system performance, including the details of the Laguerre-Gauss beam, the plasmonic antenna, and the electric field profile [17] can be analyzed by finite-difference timedomain (FDTD) [14] and by finite element implemented in Mathematica ® or COMSOL
®. Here the volume was segmented with an adaptable mesh, 2.2 million degrees of freedom, and 100 thousand scattered independent points that produce 2 nm resolution at critical locations and 100 nm where it is not needed.
The results of the simulation are a matrix of 𝑥, 𝑦, 𝑧 locations and 𝐸𝑥 , 𝐸𝑦 , 𝐸𝑧 complex
numbers for each location. All the illustrations present 𝑛𝑜𝑟𝑚(𝐸) ≡ ‖𝐸‖ which is produced by the source and modified by the antenna and keeping in mind do not destroy the
phase profile of the beam.
3.2. Two-arms dipole antenna intuition
The behavior and the antenna merit depend on the light beam. To gain some intuition
and visualization (case of normal incidence and Laguerre m = 1 beam), we constructed a
two-arms dipole antenna with a geometry of two 500 nm rods and a gap of 100 nm, which
produces the main resonance with light at approximately 1450 nm. When we increased
the gap to 200 nm, the antenna’s resonance changed to approximately 1550 nm. The above
example produces a basic guide for resonance at a wavelength approximately equal to the
gap length plus 1.35 metallic length.
Figure 5 illustrates the electric field norm near the metallic rod for a linear antenna
with two metallic rods 500 nm long and a 200 nm air gap. Figure 5a shows an antenna in
the plane normal to the beam propagation. The black line describes the incident electric
field and the blue line illustrates the produced electric field with a wavelength of 1550 nm
incident beam, corresponding with the main resonance. The green line is produced with
a wavelength of 1050 nm, close to antiresonance, and the red line is produced with a wavelength of 790 nm incident beam, close to the second resonance. All the lines are symmetrical to the center of the antenna. Figure 5b shows the same linear antenna in a 45-degree
slanted plane; the blue line is the field produced by a beam with a wavelength of 1600 nm
and it is not matching the symmetrical profile. The red and blue lines show the effect of
shifting the antenna by100 nm in the y-direction (positive and negative, respectively). The
positive shift helps to regain the symmetry of the field profile. The cyan and magenta lines
show the effect of moving the antenna in the z-direction (positive and negative). Here, the
negative movement helps the symmetry.

(a)

(b)

Figure 5. (a) Linear antenna in a plane with the incident beam; the black line describes the incident electric field, and a
blue line illustrates the electric field produced with a wavelength of 1550 nm incident beam, corresponding with the main
resonance. The green line is produced with a wavelength of 1050 nm close to antiresonance, and the red line is produced
with a wavelength of 790 nm incident beam close to the second resonance. (b) Linear antenna at 45 degrees, slanted plane;
the black line is the field produced by a beam with a wavelength of 1600 nm and it is not a symmetrical profile, red and
blue lines are the effect of shifting the antenna 100 nm in the y-direction, a positive movement helps the symmetry. Cyan
and magenta lines are the effect of moving the antenna in z directions, negative movement also helps the symmetry.
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3.3. Eight-arms antenna: Corral.
Figure 6 presents the figure of merit of the antenna, the intensity near the center of
the antenna, and the intensity along a circular 75 nm radius path compared to the intensity
with no antenna. The blue line shows the results for normal incidence and highlights the
enhancement due to arms antenna matching lambda (~1800 nm), lambda over two (~900
nm), and lambda over three (~600 nm). Due to the symmetry, the results are produced in
part for the 1D (colinear arms) and the 2D proximity of adjacent arms. The black line
around the main resonant peak corresponds to the same antenna slanted at 22.5 degrees,
which is associated with the blurred gray shadows indicating loss of symmetry in the
electric field to the antenna lines and subsequently a variation in the intensity as indicated
by the gradual gray shadow. The green line indicates the results for a 45-degree angle,
and the blurred area indicates the intensity variation, which is quite severe in this case,
making limited use as an intensity homogenous amplifier at this angle for this frequency
region and even more severe at the other resonances.

25°

45°

Figure 6. The figure of merit for the reference antenna, and its performance as a function of the angle between the propagation vector and antenna plane. Blue represents the normal incidence; black is 22.5 degrees and green is 45 degrees. The
blurred area illustrates the gain variability where the inset color (gray and green) show the corresponding angle between
the propagation vector and antenna plane.

The variability in the field enhanced corral is detailed in the supplementary material,
where Figure 7 coincide with S4 and describes the norm of the electric field in a polar plot
at ρ = 70 nm from the propagation axis. The symmetrical black dots are for normal incidence to the antenna and the others are for different locations of the slanted antenna center
making an electric field corral distorted with larger variation in the |E|.
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(b)

Figure 7. Contour-Polar plot for the gain variability at 70 nm from the centre and antenna center location, simulating defocusing with
step displacement adjustments. (a) Norm of the total electric field at ρ = 70. The black REF line is for normal incidence and other
colors are for 45 degrees tilted antenna with position adjustments. (b) The symmetrical x-axis corresponds to normal incidence; the
colored position adjustments are also considering the 45 degrees tilted antenna. The best conditions is for y = -5 nm and z = +25 nm,
the worst is for y = +25 nm and z = -25 nm.

3.4. Improve illumination with oblique incidence
The reason for such intensity variation is the combination of the 1D and 2D structure
of the antenna. The 1D colinear two arms antenna has an enhancement of the electric field
at the gap of the antenna and the external extremes of the antenna (figure 5a). This enhancement is symmetrical in the electric field due to the symmetry in the antenna and the
incident field preserving the incident beam properties. If the linear antenna is aligned with
the slanted plane, the electric field enhancement loses its symmetry, which is readily noticeable because it erases the zero intensity in the antenna center. The 2D structure demands symmetry with the incident field that a normal antenna readily provides. On the
other hand, a slanted antenna exposes each arm to a different electric field and phase,
which enhances the properties of the incident beam more difficult to preserve.
To compare the symmetry of field enhancement at the center of the antenna, a metric
needs to be defined: the gain variation along a circular path near the antenna center, a
radius ρ < 80 nm is free from the antenna. A uniform enhancement antenna will have a
minimum gain variation. To decrease the gain variation along the path, a combination of
(1) antenna defocusing (z-axis movement), (2) antenna misalignment (x and y movement),
see table TS1 in the supplementary material and (3) a simple antenna redesign changing
rods length is proposed. For example, increasing the length of one antenna does not produce a measurable advantage, see supplementary material figures S9 to S16. However, a
clear advantage is seen with the reduction of one arm, see figures S17 to S24.
Changing the antenna in a minute amount (30 nm) goes in both directions; fabrication
variability may dominate a specific design linked to good performance, however, opens
the door to seek and try intentional variations in the design. Figures S26 and S28 in the
supplementary material illustrate such possibility, with three arms 30 nm shorter at 90°,
135°, and 180°, and a noticeable improvement in the variability was identified.
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Figure 8 illustrates the electric field norm, which is equal to the gain because it is
normalized to the incoming beam, for an (LG) m=1 beam over the antenna at normal incidence, where the symmetry helps to visualize the first three resonant frequencies (8 a),
and the gain is largest for the first resonance. 8b is for a 22.5° slanted antenna y 8c is for a
45° slanted antenna, in these last two cases, the loss of symmetry is evident as illustrated
by the intensity in the corral.

a1)

a2)

a3)

b1)

b2)

b3)

c1)

c2)

c3)

Figure 8. a) Gain field for a beam at normal incidence to the antenna with an (LG) m = 1 at 600 nm, 850 nm, and 1800
nm wavelength excitation, for label a1, a2, or a3 respectively. b) Gain field for incidence at 22.5 ° to antenna 1800 nm at a
plane 50 nm, 30 nm, and 0 nm over antenna plane, for label b1, b2, or b3 respectively. c) Gain field with an incident beam
(LG) m=1, at 45 ° respect to antenna 1800 nm at a plane 50 nm, 30 nm, and 0 nm over antenna plane, for label c1, c2, or c3
respectively.

4. Discussion
To realize a plasmonic antenna interacting with light carrying orbital angular momentum, in our case for an LG beam, faces many obstacles[18]; for normal incidence, the
antenna size, the beam size, and the working wavelength demand conflicting requirements[19]. To work with larger antennas, one needs to work with higher resonances, this
is in addition to the diminished properties of the dielectric constant at short wavelengths
[20]. An antenna designed for 532 nm may have such a small footprint that will be exposed
to the center of the beam and consequently to a very small electric field. Figure 8a illustrate
the enhanced intensity profile at the first three stationary waves that match the three peaks
in figure 6, the label a1), a2) and a3) correspond to 600, 850, and 1800 nm respectively, the
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intensity is better appreciated in figure 6, the symmetry is shown in figure 8. Figure 8b
shows the gain profile at 1800 nm (first resonance) for incidence at 22.5 degrees, at three
planes parallel to the antenna, 50, 30, and 0 nm meaning the defocusing with labels b1),
b2), and b3) respectively. In those images the horizontal axis (the x-axis) is used to rotate
the antenna, the top part (positive y) is now at positive z and the lower part (negative y)
is at negative z. The image can be misleading if compared, due to different colors for the
same intensity. Figure 8c presents pictures for the gain profile at 1800 nm for incidence at
45 degrees at three planes parallel to the antenna, 50, 30, and 0 nm with labels c1), c2) and
c3) respectively. In those images the horizontal axis (the x-axis) is used to rotate the antenna, the top part (positive y) is now at positive z and the lower part (negative y) is at
negative z. The intensity in the image should not be taken as a guide for the rotation.
This immediately shows the limitation of antennas at angles different from normal
incidence and gives some knowledge of how to construct the antenna for such angles.
Two factors determine the efficiency of the antenna, usually conflicting: (1) the electric
field magnitude over the antenna, because (LG) beams maximum gets further from the
center increasing the beam diameter (Fig. 2b), though the working frequency decreases
for the same reason, and (2) the rod length and central gap structure in the dipole antenna
defines the resonant frequency. In a multi-rod antenna, attempts to correct the slanted
angle α are limited because the antenna sees a beam growing from 1 to 1/cos(α) in the two
normal axes and it is already doubling for α.
From the systematic results presented in the supplementary material (S17 to S24), a
reduction in one arm’s length is advantageous to compensate for the slanted angle, and a
combination of lengths is even more convenient presenting the possibility of partially correcting the effects of the slanted angle.

5. Conclusions
We have discussed the effect of oblique illumination on the functioning of a plasmonic nanoantenna for chiral light. The objective of focusing the intensity profile of the
electric field in a LG, m=1 beam, while preserving its properties, is achievable with a nanoantenna. If the beam symmetry is available at the antenna plane, relatively simple antenna
geometry and alignment are needed, scaled for the wavelength used, considering that the
dielectric effect allows, as described in figures 2b and 3. When a slanted antenna and an
LG, m=1 is available, adjustments in the distance between the beam focal plane and the
antenna plane, as well as the position of the beam axis to the antenna axis will be needed
as suggested in figure 5, and the antenna needs to be designed by decreasing appropriately the arm’s length following the vortex structure in a way that increases the antenna’s
usability. The study also has shown that orbital angular momentum manipulation is possible with tilted light incidence giving rise to a controlled intensity distribution, the interaction beam phase front, and the effects of possible tunable OAM with the nanoantenna’s
geometry, that opens the door to control properties and optical manipulation technologies
for advanced application [21].
Supplementary Materials: The following are available online at www.mdpi.com/xxx/S1_Supplementary Material.
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