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As metallic nanoparticles are arranged to form a 2D periodic nano-array, the coupling of the localized surface plas-
monic resonance (LSPR) results in the well-known phenomenon of surface lattice resonances (SLRs). We theoretically
investigate the SLR effect of the circular nano-array fabricated on the fiber tips. The difference between the 2D periodic
and circular periodic arrays results in different resonant characteristics. For both structures, the resonant peaks due to the
SLRs shift continuously as the array structures are adjusted. For some specific arrangements, the circular nano-array may
generate a single sharp resonant peak with extremely high enhancement, which originates from the collective coupling of
the whole array. More interestingly, the spatial pattern of the vector near-field corresponding to the sharp peak is inde-
pendent of the polarization state of the incidence, facilitating its excitation and regulation. This finding may be helpful for
designing multifunctional all-fiber devices.
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1. Introduction

Taking advantages of small size, light weight, multiple
functions, low insertion loss, fiber tip devices become attrac-
tive candidates for beam shaping,[1] remote sensing,[2] opti-
cal manipulating,[3] imaging and signal processing.[4–6] Due
to the advances in the fiber optics and micro-nano fabrication
technique, great efforts have been devoted to integration of the
2D materials or 3D structures on the optical fiber tips for de-
veloping multifunctional all-fiber photonic networks. How-
ever, these patterned fiber tips suffer from disadvantages such
as complicated fabricating process and short light–matter in-
teraction depth.[7,8] Consequently, it is quite desirable to find
a device with new resonance mechanism, which can be easily
excited and incorporated on the fiber tips at low cost.

Surface lattice resonances (SLRs)[9] originate from
the interaction of light field with nanoparticle arrays,[10]

which manifest themselves as drastic narrow plasmon
resonances.[11,12] Conventionally, these particles are arranged
in periodic 1D or 2D arrays, and the width of the correspond-
ing plasmonic resonance can be as narrow as 12 nm due to
the coupling between the localized surface plasmon resonance
(LSPR) of individual nanoparticles.[13] In addition, the SLRs

have other advantages including high field enhancement, con-
venient light extinction, and effective light–matter interaction.
Thus SLR effect of the plasmonic arrays have broad potential
in ultrasensitive detection,[14] photovoltaic devices,[15] optical
communication, and metamaterials,[16] etc.

Instead of the transitional symmetry of the 2D periodic
array, a circular periodic nano-array with rotational symmetry
is adopted in this work as the resonant device. The excitation
of the SLR effect is investigated based on a simple coupled-
dipole approximation. Particularly, a single and rather sharp
resonant peak can be excited via some specific circular array
structures. Such resonance is due to the optimum coupling
between all the dipole components, resulting in an extremely
high intensity of the concentrated near field. As shown in
the concrete example of a circular nano-array with six parti-
cles in the later section, the enhancement factor of the sharp
peak is at least five (two) orders under radially (azimuthally)
polarized incidence in comparison with other SLRs peaks.
More importantly, it is found that the near-field pattern cor-
responding to the sharp peak is independent of the polariza-
tion state of the excitation. It is worth emphasizing that all
the results are obtained via analytical models, thus our find-
ings is theoretically credible. Recently, optical complex fields
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with spatially inhomogeneous distributions of the polarization
states and optical singularities are subjects of increasing inter-
est, which introduce extra degrees of freedom to enable new
applications.[17–19] This proposed resonant structure provides
a rather simple approach to generate optical complex near
fields with enhanced local intensity and rich topological fea-
tures on the stage of fiber tips. The light–matter interaction can
be significantly enhanced via the excitation of the SLR effect.
Furthermore, the dimensions of optical fibers match well with
the typical area that can be patterned with the electron-beam
lithography (EBL), which is suitable to produce the particle
nano-array onto the fiber tips. The proposed model may be
attractive in designs of all-fiber photonic devices at low cost.

2. Analytical model
The circular nano-array of identical metallic particles is

invariant under certain rotation transformation. The key factor
behind the SLRs excitation is that each particle experiences
identical driving fields due to the incident light and the light
scattered by all the other particles in the array.[13] Since the
coaxial adjustment between the array and the incident field is
crucial for the excitation of the resonance, the tip of an optical
fiber offers a rather natural and convenient stage. Figure 1(a)
shows the schematic diagram of the circular nano-array in-
tegrated on the fiber tip, where N identical metallic particles
with the same orientation are fabricated on the endface of the
fiber core. Figure 1(b) demonstrates the radial and azimuthal
modes in the fiber structure, i.e., the fundamental TM01 and
TE01 modes. The excitation of the circular array requires vec-
tor modes carrying spatial distributed polarization state with
rotational symmetry. Such modes can be written as a linear
combination of the TM01 and TE01 modes, which qualify as
an orthonormal basis. The schematic diagram of the array de-
sign is plotted in Fig. 1(c), where the vector 𝑅i denotes the
position of the ith particle Pi. Set the cartesian coordinates of
the first particle to be (R,0), then the coordinates of the ith
particle Pi are simply (Rcos 2π(i−1)

N , Rsin 2π(i−1)
N ). Since we

focus on the SLR effect of the array structure, the metallic par-
ticles are simplified to homogeneous ellipsoids, whose semi-
axes are referred as a, b, and c, respectively. The quasistatic
polarizability approximation is applied to describe the metallic
nanoparticles, which is only valid for small particle size.[13]

Modified long-wavelength approximation can be utilized for
larger particles.[20] As shown in Fig. 1(c), a local cartesian co-
ordinate system (xi,yi) is defined for each particle Pi, where
the xi axis coincides with the minor axis of the ellipsoid and
the yi axis aligns with the major axis. Furthermore, the orien-
tation of each particle is described by the angle θ between the
major axis and the unit vector in the radial direction, which is
defined in the range −π/2 < θ < π/2.
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Fig. 1. Circular nano-array integrated on the optical fiber tip.
(a) Schematic view of the metallic nanoparticle circle fabricated on the
endface of fiber core. (b) The normalized electrical field and polariza-
tion distribution of the radial and azimuthal modes in the fiber core.
(c) The geometrical model of the circular nano-array.

Now we can represent each particle by its polarizability
αx and αy in its local cartesian coordinate system (xi,yi) as

αx,y = 4πεmab2 εp− εm

3εm +3Lx,y(εp− εm)
, (1)

where εp and εm represent the relative permittivity of the par-
ticle and the surrounding medium, respectively, and Lx,y is the
shape factor.[21] Without loss of generality, the electrical field
of the optical fiber mode with rotational symmetry can be writ-
ten in a vector form in the cylindrical coordinate system (ρ,ϕ)

as

𝐸inc =

[
Eρ

Eφ eiϕ

]
, (2)

where Eρ and Eϕ represent the amplitudes of the radial and az-
imuthal components, and φ is the phase difference. For further
usage, the incident field should be rewritten in the local co-
ordinate system (xi, yi) of individual particle as

[
E inc

x E inc
y
]T.

Excited by the external field, a dipole momentum 𝑝i will be in-
duced for every particle, which can be divided into two parts,
i.e.,

𝑝i = 𝑝inc
i +𝑝

dipole
i , (3)

where the first term is due to the external incident field, and
the second term is induced by the radiation from other dipoles
in the nano-array. For the second term, an array factor matrix
S can be introduced, whose matrix element Si j describes how
the p j component of all the other particles affects the pi com-
ponent of the targeted particle. Based on the above derivation,
we are ready to solve the dipole momentum 𝑝i as a matrix
equation

𝑝i =

[
px
py

]
= EF

[
1−Syy Sxy

Syx 1−Sxx

][
αxE inc

x
αyE inc

y

]
, (4)

with the enhancement factor (abbreviated as EF)

EF =
1

(1−Sxx)(1−Syy)−SxySyx
. (5)
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The matrix element Si j of the factor matrix is

Si j =
1

4πεm

N

∑
i=2

e ikrl

rl
n̂i

×
{

k2(n̂l× n̂l j)× n̂l +[3n̂l(n̂l · n̂l j)− n̂l j]
( 1

r2
l
− ik

rl

)}
,

i, j ∈ [x, y], (6)

where rl is the distance from the targeted dipole p1 to the
lth dipole pl , and 𝑟l = rl n̂l is the corresponding vector. n̂i

denotes the unit vector of the ith component of the targeted
dipole p1, and n̂l j denotes the unit vector of the jth compo-
nent of the lth dipole pl . Equation (6) shows that the array
factor matrix S summaries the four kinds of coupling mech-
anisms between the different dipole components of the array
particles. The element Sxx and Syy denote the coupling between
the x-components, and y-components, respectively. The inter-
coupling between the x- and y-components are attributed to
the elements Sxy and Syx. The two expressions (4) and (5) are
the key results of this study, which are obtained analytically
owing to the rotational symmetry of both the incident mode
and the particle array. The details for the analytical model are
provided in the supporting materials.

Generally, the EF depends on the incident wavelength, the
particle polarizability, the array radius, the particle number and
the particle orientation, while the latter three parameters deter-
mine the structure of the circular nano-array. Since we are ex-
tremely interested in how the array arrangement influences the
SLRs, we focus on the array parameters in this work. The in-
fluence of the incident wavelength and the particle polarizabil-
ity can be found in the Supporting materials. The SLRs may
occur when the EF approaches infinity, whilst its denomina-
tor in Eq. (5) approaches zero. Thus the SLRs are influenced
by all the coupling mechanisms in a rather complicated way,
and all the parameters may affect the resonance feature. In the
later sections, concrete examples are presented to investigate
the physics behind the SLRs of the circular nano-array and the
induced optical complex fields.

3. Simulations and discussions
This section is based on direct simulation of the above

analytical model.[22,23] The particles used in the simulations
are silver prolate spheroid (a > b = c), whose major and mi-
nor axes are a = 60 nm and b = c = 25 nm, respectively. The
incident wavelength is λ = 632.8 nm, and the relative per-
mittivity of silver is based on the Drude model, with plasma
frequency ωρ = 1.4×1015 Hz and the damping constant Γ =

3.2×1013 Hz.[24]

Since the metallic particles are already fixed, the EF is
predominantly determined by the structural parameters. Fig-
ure 2(a) compares the EF of three circular arrays with different

particle number N, and the SLRs illustrate themselves as the
gray strips. Similar to the SLRs in a 2D periodic array,[25]

the resonant positions of the circular array shift continuously
as the structural parameters are adjusted. Two gray regions
are marked out as I and II, corresponding to the two cases of
θ = 0◦ and θ = 90◦, respectively. Consider the schematic di-
agram in Fig. 2(a), and note that the resonant radius for case I
is smaller than the case II, so it is clear that in case I the cou-
pling between opposite particles takes the leading role, while
in case II the coupling between adjacent particles dominates.
For more general case that 0◦ < θ < 90◦, these two kinds of
coupling mix together. A rather interesting case is shown in
Fig. 2(b), where a single point-like resonant peak with much
larger EF is observed at position (θ = 29◦, R = 86 nm). We
will refer to such resonant behavior as sharp peak of SLRs for
short. Three points are labeled as P1, P2 and P3 in Fig. 2(b),
and each point represents a specific structural arrange of the
circular nano-array. Thus point P1 represents the unique struc-
ture that generates the sharp peak, while the other two points
correspond to the usual SLR effect.

The near fields of the array radiation under the radial and
azimuthal modes are compared in Fig. 2(c) for the above se-
lected structural arrangements in Fig. 2(b). A few statements
are available in this stage. Firstly, the electrical field intensity
is significantly enhanced for the sharp peak at P1 in compari-
son with the other two points. The simulation shows that the
EF at P1 is at least five (two) order higher for the radially (az-
imuthally) polarized excitation.[17] Secondly, the light patterns
corresponding to points P2 and P3 vary when the spatial polar-
ization distribution of the incidence differs, while the light pat-
terns of the sharp peak seem to be invariant. Since these two
incident fields form an orthonormal basis, the above demon-
strations show that the SLR effect can be excited easily using
arbitrary mode with rotational symmetry, and enhanced near
field can be effectively produced at the endface of an optical
fiber by the integrated circular nano-array.

However, for some circular nano-array arrangement the
sharp peak cannot be observed. The simulations in Fig. 3 con-
firms this statement, where the sharp peaks can only be ob-
served when particle number N equals 6 or 7. In the case of
N = 5, the EF is larger when the orientation of the array par-
ticle is radial, indicating that the coupling between adjacent
particles dominates. In the case of N = 8, the EF is larger
when the orientation of the array particle is azimuthal, so the
enhancement can be mainly attributed to the coupling between
opposite particles. However, no sharp peak is observed for
these two cases. In comparison of the cases of N = 6 and
N = 7, it is clear that the peak position shifts to large orienta-
tion angle as the particle number increases. More examples of
the sharp peak can be found in the supporting materials.
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One of the most interesting characteristics of the sharp
peak resonance is that the field distributions seem to be inde-
pendent of the excitation mode. As shown in Fig. 2(c), the
two electrical field distributions are identical for structure P1
under orthogonal fiber mode excitation, except that the intensi-
ties are different. It can be helpful for our intuition to reminder
that these two modes can work as an orthonormal basis to build
up rotational symmetric incidence with arbitrary spatial polar-

ization distribution. Given the specific geometric design, the
sharp peak of the SLRs may be excited to generate vector near-
field with similar intensity and polarization distributions. It is
even possible to use an ordinary fiber mode without rotational
symmetry owing to the high coupling efficiency and high EF,
but this hypothesis needs to be further verified by practical ex-
periments.

Figure 4 simulates the evolution of the spatial patterns of
the sharp peak at different propagation distances. A compari-
son with other SLR effect can be found in Fig. S3 of the sup-
porting materials. The radiation due to the arrayed dipoles of
the metallic particles is localized, whose intensity decreases to
only 10−3 after propagating for hundred-nanometer distance
in our illustration. Thus the field is tightly concentrated near
the plane of the array, which facilitates the light–matter inter-
action at the fiber tips. At short distance, the light pattern is
composed of several dipole fields corresponding each particle,
which gradually merge together at longer distances due to the
interference. Multiple polarization singularities and transverse
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flux zeros can be found, which move to infinite or annihilate
in pairs with opposite topological index during propagation.
Finally, for longer propagation distance, there exists only a
single C-point that coincides with a single transverse flux zero
at the center of the spatial pattern. These fixed patterns of the
sharp peak can be applied in various engineering fields such as

optical manipulating, sensing, and signal processing. Lastly, it
is necessary to point out that the practical nanoparticle fabri-
cated by present technique would not be a perfect ellipsoid.
Given that the wavelength is larger than the particle’s dimen-
sion, this work can still be applied to analyze the resonance of
the circular nano-array effectively.
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4. Conclusions
The resonant excitation of the SLR effect via metallic cir-

cular nano-arrays is theoretically analyzed on the platform of
fiber tips. The analytical model with clear physical interpre-
tations is derived via the quasistatic polarizability approxima-
tion. For specific geometric arrangements, the SLRs form a
sharp resonant peak, which yields an enhanced near-field with
fixed spatial pattern. The high coupling efficiency guarantees
the high enhancement of the localized vector field with rich
topological characteristics. Thus the proposed structures can
be designed specifically to manipulating the spatial distribu-
tion of the optical beams via polarization, phase and intensity
at ease.
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