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Abstract: We investigate the interaction between cylindrical vector beams (CVBs) and metallic
annular structures. The mechanisms for plasmonic focusing and field distributions are studied
both analytically and numerically. We demonstrate that the focusing patterns are locked with the
order of CVBs due to the polarization selectivity for the excitation of plasmonic fields, which can be
employed as a simplified yet efficient means of characterizing and detecting CVBs. The robustness
of the focusing pattern is analyzed as a deviation between the centers of the CVBs and nanoring is
introduced, providing a quantitative indicator of the relationship between the maximum deviation
value and the focusing patterns. Our research contributes to a deeper understanding of interactions
between CVBs and nanostructures, paving the way for novel applications in light detection and
optical imaging.

Keywords: cylindrical vector beam; plasmonic focusing; on-chip photonic device

1. Introduction

Polarization is one of the fundamental properties of light and plays a crucial role in
many areas of modern science and technology [1–3]. Vector beams with spatially variant
polarization states have attracted considerable research interest for the past decades due
to their customized intensity patterns and novel applications. As a sophisticated class
of structured light, cylindrical vector beams (CVBs) exhibit cylindrical symmetry in their
polarization with a singularity and donut-shaped intensity pattern at the center. A signifi-
cant characteristic of CVBs is the additional degree of freedom in terms of their vectorial
polarization order, with different states being orthogonal to each other, where radially and
azimuthally polarized beams are the two lowest orders of CVBs. High-order vectorial
polarization states have also been widely investigated [4,5]. In contrast to the conventional
linearly polarized beam, CVBs possess strong longitudinal/transverse field components
in focusing [6–10], giving rise to many intriguing phenomena such as spin–orbit interac-
tion [11], optical needles [12], and the topological structure of light [13–17], as well as a
variety of applications including optical trapping [18–21], optical lithography [22,23], and
optical micro-fabrication [24,25].

The unique polarization structure of CVBs opens up new avenues for light manip-
ulation and optical engineering at the subwavelength scale since tailored polarization
distributions can selectively couple with the resonant modes of nanostructures [26,27].
Particularly, the interaction between CVBs and metallic nanostructures has drawn much
research attention. By tuning the polarization state of CVBs, researchers can manipulate
the plasmonic resonances, leading to enhanced field localization, chiroptical effects, and
nonlinear optical effects [28–30]. The selective excitation of plasmonic modes has promoted
the development of on-chip photonic devices for advanced nanophotonic technologies with
tailored functionalities [31,32]. Many plasmonic devices were proposed to focus surface
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waves and detect the polarization order of CVBs [33–37], which play a significant role
in ultrasensitive sensing [38,39], nonlinear optics [40], and quantum information process-
ing [41–43], further highlighting the need for robust methods to both measure and analyze
the features of high-order vector beams.

In this work, we investigated the plasmonic focusing patterns generated by the inter-
action between high-order cylindrical vector beams and metallic annular structures. We
demonstrated that the number of focusing lobes is related to the order of the CVBs, which
stems from the polarization selectivity for the excitation of plasmonic fields. The robustness
of the focusing pattern is analyzed as a deviation between the center of the CVBs, and
nanoring is introduced. Our results suggest that the plasmonic patterns can serve as a can-
didate for a simplified yet efficient means of characterizing and detecting CVBs, potentially
leading to the development of CVB-centric information detection systems. Moreover, this
model could be employed as a precise calibration methodology within sophisticated optical
imaging systems, thereby allowing for improved accuracy and reliability in mapping and
manipulating the features of CVB fields.

2. Theoretical Model for Ideal Alignment

The schematic illustration for generating plasmonic focusing patterns is shown in
Figure 1a. A metallic nanoring with an inner radius r0 = 7 µm is etched into a gold film
(nAu = 0.18+ 3.06i at 633 nm) of 200 nm thickness deposited on a glass substrate (n = 1.515).
An incident CVB with a wavelength of λ = 633 nm illuminates the metallic nanostructure
perpendicularly from the glass side. To investigate the transmission properties under the
subwavelength regime (λ/d > 1) [44–46], the slit width is set to be significantly smaller
than the incident wavelength (d = 200 nm). The subwavelength dimensions of the annular
ring structure facilitate momentum matching between the incident light and the surface
plasmon polariton (SPP), enabling the excitation and confinement of surface waves. The
annular ring operates as a nanoantenna, coupling the incident-free space beam to SPPs
propagating along the surface.
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Figure 1. (a): Schematic diagram of the plasmonic focusing pattern with the interaction between CVBs
and metallic nanoring structure. (b,c): Geometric layout of metallic ring structure with parameters
and coordinates under (b) ideal alignment condition and (c) deviation condition; the blue regime
represents the nanoring.
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Our analysis initiates with the premise that the incident light is precisely centered atop
the metallic ring, ensuring no discrepancy between their respective centers. The geometric
layout employed for calculation is depicted in Figure 1b. Given this supposition, incident
CVBs, defined by their order m and an initial phase ϕ0, can be represented by the Jones
vector as follows:

Ein =

(
cos (mϕ + ϕ0)ex

sin (mϕ + ϕ0)ey

)
(1)

For a slot of sufficiently narrow dimensions, solely the radial component of incident
CVB’s electric field is capable of coupling with and stimulating SPP excitation [47,48]. The
polarization states of the incident light can be formulated in the cylindrical coordinate
system as follows:

→
E =

ei[(m−1)ϕ+ϕ0] + e−i[(m−1)ϕ+ϕ0]

2
→
e r +

ei[(m−1)ϕ+ϕ0] − e−i[(m−1)ϕ+ϕ0]

2i
→
e ϕ (2)

Equation (2) implies that a CVB can be regarded as the superposition of radially and
azimuthally polarized vortex beams with the topological charge determined by the order
of CVB. As an arbitrary order, CVB illuminates on the annular ring; it induces two optical
vortices of opposite topological charges, which then engage with the metallic nanoslit to
produce plasmonic vortices. Since the z component of SPP is dominant, the fields excited
at any arbitrary position (R, θ) relative to the central point can be expressed as follows:

Ez =
∫

E0z
ei[(m−1)ϕ+ϕ0] + e−i[(m−1)ϕ+ϕ0]

2
e−kzzei

→
k spp ·(R

→
e R−r

→
e r) · rdϕ (3)

where E0z signifies the amplitude of the electric field, kspp and kz are the transverse and
longitudinal wavevectors of plasmonic field. Since the propagation direction of SPP at
each segment of slot is pointing to the origin, the wavevector of SPP can be expressed as
→
k spp = −kspp

→
e r, guiding directly to the formulation of Equation (3) stated below:

Ez = E0ze−kzzreiksppr∫ ei[(m−1)ϕ+ϕ0 ]+e−i[(m−1)ϕ+ϕ0 ]

2 e−iksppRcos(θ−ϕ)ϕ

= πE0ze−kzzreiksppr ·
{

ei[(m−1)θ+ϕ0]im−1 · Jm−1
(
ksppR

)
+ e−i[(m−1)θ+ϕ0](−i)m−1 · J1−m

(
ksppR

)} (4)

where Jl is the Bessel function of the first kind with order l. Equation (4) reveals that the
focusing pattern of CVB is a result of two plasmonic vortices with opposite topological
charges. By applying the symmetry of Bessel functions that J−l(x) = (−1)l Jl(x), the
description of the focusing pattern can consequently be framed as follows:

Ez(R, θ) ∝ ei[(m−1)θ+ϕ0]im−1 · Jm−1
(
ksppR

)
+ e−i[(m−1)θ+ϕ0]im−1 · Jm−1

(
ksppR

)
∝ cos[(m − 1)θ + ϕ0]Jm−1

(
ksppR

) (5)

The equation encompasses a cosine term and m − 1 order Bessel function with respect
to position parameters R and θ, thereby imparting periodic and symmetric characteristics
to the plasmonic fields. We fix the initial phase ϕ0 to 0 since it only modulates the relative
intensity of the focusing field without altering the focusing pattern. Specifically, when m
equals 1—indicative of a radially polarized beam—the nanoring transforms the CVB into a
zeroth-order evanescent Bessel beam, featuring a prominent central peak (see Figure 2a).
Conversely, for the other order of CVBs, polarization selectivity leads to partial coupling
of the incident light with SPPs, giving rise to multiple focal points and the central dark
plasmonic field. In addition, the number of focusing lobes is locked with the order of CVBs.

The normalized intensity distributions of plasmonic fields of different orders are
illustrated in Figure 2a–c. As expected, the number of focuses aligns with the order of
incident CVB, where different orders of Bessel profiles are divided along the radial direction,
demonstrating the polarization selectivity of the plasmonic lens. With increasing m, the
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annular plasmonic pattern is further subdivided, which can be employed as a simplified
yet efficient means of characterizing and detecting CVBs.
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3. Analysis of Focusing with Deviation

As an offset between the center of the CVB and nanoring is introduced, the focusing
pattern is modulated. Due to the circular symmetry of the ring structure, we specify
the offset in the y direction. Figure 1c shows the geometric configuration. Two different
coordinate systems are labeled. The point O represents the geometric center of the nanoring,
and the point O′ represents the illumination center. Due to the mismatch between the
geometric center and the incidence center, the radial component of the incidence CVB in the
x′-y coordinate system is not applicable to the nanoring structure; thus, we need to convert
it into the x-y coordinate system. Defining the offset distance as e =|OO′|, the incident
field for the excitation of the plasmonic field can be expressed as

→
E = cos(mϕ1)

→
e x + sin(mϕ1)

→
e y

= cos(mϕ1)
(

cos ϕ
→
e r − sin ϕ

→
e ϕ

)
+ sin(mϕ1)

(
sin ϕ

→
e r + cos ϕ

→
e ϕ

)
= cos(mϕ1 − ϕ)

→
e r + sin (mϕ1 − ϕ)

→
e ϕ

(6)

where ϕ and ϕ1 are the deviation angle with respect to the geometric center and the
incidence point (Figure 1c). From Equation (6), we identify the radial component that
excites SPPs as Er = cos(mϕ1 − ϕ), which is different from the case in Section 2. It is
related to two geometric parameters. As the offset changes, even for the same point, the
deviation angle ϕ′ changes, causing a modulation of the radial component. It suggests
that the plasmonic field will be modulated by the offset value. The field distribution at
an arbitrary position (R, θ) with respect to the origin is the integral of the field due to the
infinitesimal length dl along the ring, which can be expressed as

Ez(R, θ) =
∫ 2π

0 E0zcos(mϕ1 − ϕ)e−kzzei
→
k spp ·(R

→
e R−r

→
e r) · rϕ

= E0ze−kzzreiksppr∫ 2π
0 cos[(m − 1)ϕ + mα]e−iksppRcos(ϕ−θ)ϕ

(7)

where the geometric relations ϕ1 = ϕ + α and sin α = e
r cos ϕ1 are used. To facilitate the

analysis and obtain insights into its properties, we introduce an approximation based on
the assumption that the deviation e is not comparable to the radius of annular ring that
e << r and α ∼ 0. This approximation is valid in two scenarios:

i. The offset value e remains constant, and the angle ϕ1 is close to π/2, which corre-
sponds to observation points located closer to the upper and lower regions of the
ring, where the deviation from ideal alignment is minimal.

ii. The angle ϕ1 remains constant, and the offset e is small. This scenario reflects the
intuitive understanding that a smaller offset ensures greater focusing accuracy, as
the deviation from the alignment is minimized.
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Under the small-angle approximation, we can rewrite Equation (7) into the following:

Ez(R, θ) ≈
∫ 2π

0

{
cos[(m − 1)ϕ]− m

e
r

cos ϕsin[(m − 1)ϕ]
}

eiksppre−iksppRcos(ϕ−θ)rϕ (8)

Equation (8) reveals that the field distribution can be decomposed into two parts.
The first part represents the field distribution in the absence of any offset, corresponding
to the ideal alignment scenario. The second part encapsulates the influence of the offset
characterized by the term m e

r , which depends on both the order of CVB and the relative
deviation distance e/r. By utilizing the Bessel integral, the plasmonic field can be expressed
as follows:

Ez(R, θ) ∝ cos[(m − 1)θ]Jm−1
(
ksppR

)
−m e

2r isin(mθ)Jm
(
ksppR

)
+m e

2r isin[(m − 2)θ]Jm−2
(
ksppR

) (9)

which is a linear combination of three Bessel functions of different orders: m − 1, m, and
m − 2. Notably, in the absence of deviation where e = 0, which signifies ideal alignment be-
tween the CVB center and the nanoring center, the electric field in Equation (9) corresponds
to the case of ideal alignment. However, the introduction of deviation introduces distor-
tions into the field distribution. As e increases, these distortions become more pronounced,
ultimately leading to a significant alteration of the focusing pattern. For a given CVB with
order m, there exists a critical deviation value beyond which the focus pattern becomes
indistinguishable, effectively hindering the accurate detection and characterization of the
incident CVB. This critical deviation represents the maximum deviation range for the
specific device configuration.

The focusing patterns for different deviation distances with m = 4 are shown in
Figure 3. At ideal alignment (e = 0), the focusing pattern exhibits a symmetrical distribution
with six lobes (Figure 3a). When the deviation is not comparable to the radius of the annular
ring, the focusing patterns remain largely unchanged (Figure 3b,c), where the theoretical
prediction in Equation (9) agrees well with the simulations (insets in Figure 3b,c). As e
increases, the symmetry is progressively broken, leading to more complex electric field
distributions (Figure 3d–f), which stem from the mismatched excitation of plasmonic modes
due to the offset. The modulation of the focusing patterns in Figure 3d–f is negligible near
the y axis, while it is amplified near the x axis. This discrepancy can be explained by the
fact that the deviation angle α is smaller for observation points closer to the vertical center
boundary of the ring compared to those near the horizontal boundary. Consequently, the
approximation in Equation (9) is more accurate in regions where α is inherently smaller.
Nevertheless, in most cases, the approximation formula serves as a valuable tool for
analyzing related problems.

As the deviation distance e increases, the innermost focuses, which we refer to as the
“indicator” due to their distinct characteristics as information indicators for the incident
CVB, undergo significant modulations. They become elongated and skewed, with the
intensity pattern becoming distorted, hindering the exact extraction of information from
the focusing pattern. Simultaneously, extra focal points arise at locations further away from
the nanoring center, while the inner focuses become increasingly obscured and distorted.
Moreover, the inner horizontal focuses gradually shift towards the left and right extremities
of the pattern.

Analyzing the evolution trend depicted in Figure 3, we propose the following judg-
ment criteria to determine the critical deviation value: We measure the intensity distribution
and use a certain scale to filter the focus patterns to detect the number of focal points. We
observed that, as the “indicator” is distorted, additional focal points appear simultaneously,
leading to an increase in the number of focal points. The critical deviation value occurs
when the number of focal points begins to change.
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We chose a threshold value for filtering 90% of the maximum intensity to better identify
the related focal points. The field distributions after filtering for different offset values are
shown in Figure 4. As a result of the filtering process, we eliminated redundant information
from the graph and retained only the key areas of high intensity. The number of identified
focal points in Figure 4a–c is six, which indicates that they do not reach the deviation limit.
However, when the offset is increased to 3 µm, we can clearly observe additional focal
points. This threshold coincides with the emergence of new focuses in the outer layer of
the ring pattern. Beyond the critical deviation value, it becomes challenging to identify the
accurate related parameters, such as the number of focuses, solely through visual inspection
or even with the aid of extra AI-based image recognition algorithms. Moreover, the pattern
loses its effectiveness as a reliable indicator of the incidence. Since the modulation of the
focusing pattern is characterized by m e

r , for a larger device with radius r′ > r, to maintain
an identical focusing pattern, a proportionally larger deviation e′ is required. This implies
a linear relationship between the e and r. Consequently, a larger radius of the annular ring
allows for greater tolerance to deviation, enhancing the robustness of the focusing pattern
against alignment imperfections. The deviation tolerance for different ring radii is shown
in Figure 5a, validating the linear relationship. This phenomenon arises from the increased
interaction area between the CVB and the nanostructure, facilitating effective SPP coupling
and excitation, thus allowing for greater deviation.

Likewise, we also investigated the influence of the order of the incident beam m.
Unlike the relationship observed with the radius, we obtained an inversely proportional
relationship between the deviation tolerance and CVB order, as shown in Figure 5b, which
stems from the high sensitivity of high-order CVBs to deviations from the center. A higher-
order beam possesses a more intricate polarization distribution, making its interaction with
the nanostructure more susceptible to disruptions caused by deviation. As m increases, the
delicate balance of plasmonic mode excitation required for the formation of the distinct
focusing pattern becomes more unstable, leading to a reduced tolerance.
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4. Conclusions

In conclusion, we have investigated the interplay between high-order cylindrical vec-
tor beams and metallic nanostructures, elucidating the dependence of plasmonic focusing
patterns on the incident beam parameters. Our exploration has led to the development
of an accurate mathematical model based on Bessel solutions, which reveals the hidden
mechanisms behind the focusing patterns. The plasmonic fields exhibit good robustness
against the deviations of the incident beam, enabling their potential use for the detection
and characterization of high-order CVB. Our finding not only contributes to a deeper
understanding of plasmonic nanostructure under high-order CVB interaction but also
paves the way for practical applications for novel optical manipulation methods, on-chip
photonic devices, and related nanophotonics fields.
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