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Manipulating directional electromagnetic scattering plays a crucial role in the realization of exotic optical phe-
nomenon. Here, we show that the spoof plasmonic structure is able to achieve the switching of directional scattering
direction on a subwavelength scale by inserting a perfect electric conductor (PEC) cylinder into the hollow of the spoof
plasmonic structure. Based on the modal analysis, it is found that the electromagnetic response of the core—shell struc-
ture not only is well excited, but also exhibits the directional scattering by interference between the electric and magnetic
dipolar resonances. We also discuss the influence of PEC cylinder radius on the performance of the directional scattering.
Finally, the active tunable directional scattering is realized by switching between the two states. This work provides a fea-
sible pathway to the subwavelength manipulation of electromagnetic wave. Moreover, it offers a simple method to switch
the directional scattering direction. The proposed design approach can be easily applied to digital electromagnetic wave

communication and associated applications.

Keywords: spoof core—shell plasmonic structures, directional scattering, switchable direction

PACS: 41.20.Jb, 42.25.Bs, 41.85.—p, 78.20.Bh

1. Introduction

Light scattering from objects is a universal phenomenon
regarding light-matter interactions. In order to explore
the physics of interaction between light and subwavelength
particles, Rayleigh and Mie conducted the pioneering re-
searches many years ago.!'’l As mentioned in the Mie scat-
tering theory, the scattered fields of subwavelength objects
can be attributed to electric and magnetic multipolar reso-

nances. In addition, many fascinating and unique proper-

ties, such as transverse scattering,[3’4]

(5

nonscattering (scatter-
ing cancellation!>%! and anapole [71), superscattering, -1 and
directional scattering,!'~14] have been investigated by tailor-
ing the interference among electric and magnetic resonant
modes. Of these, directional scattering has attracted the most
considerable attention in recent years because of its unique
properties in controlling and transforming the wavefront.

To achieve the directional electromagnetic scattering,
Kerker et al., in their pioneering work of 1983, theoretically
proposed a hypothetical magnetic-dielectric particle, which
exhibits electric and magnetic dipole resonance.!!>! More im-
portantly, the unidirectional forward or backward scattering
was predicted to be due to the constructive interference of res-
onances enhancing the scattered intensity in one direction and
the destructive interference minimizing scattering in the oppo-
site direction. Recent years, optical metamaterials derive their
novel capabilities from the interaction between light and vari-
ous metallic nanostructures. These nanostructures exhibit arti-

ficial magnetism and their intrinsic electrical response, which
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makes it possible to achieve the directional light scattering in
the visible and infrared regime.lm_19J However, the intrinsic
Ohmic loss in metallic structure inevitably leads to low ef-
ficiency and limits the application of directional light scat-
tering in realistic situation. To bypass the Ohmic dissipa-
tion, the high-index dielectric resonator, which supports in-
herently the strong magnetic and electric dipolar resonance
at a high frequency with low absorption loss, is a promising
candidate for the design of directional light scattering. Many
theoretical and experimental researches have been reported
that various dielectric structures are explored to achieve direc-

20-221 nanowire, 23!

tional light scattering, such as nanosphere, |
nanodisk,?* and sphere/disk dimers.>>-27! In fact, all of the
functions of directional scattering mentioned above are rel-
atively simple. Inspired by the on-off mechanism of elec-
tric switches, optical switches are currently needed to block
strong radiation. Thus, the directional scattering with ad-
justable switch is significant for the applications in sensing,
detection, and digitizing electromagnetic wave for communi-
cation.

Moreover, to mimic the localized surface plasmons
(LSPs) supported in metallic nanoparticles at optical frequen-
cies, the concept of spoof LSPs has been proposed based on
the textured perfect electric conductor at low frequencies.[?8!
Since then, many theoretical and experimental researches have
been performed to investigate the electromagnetic property

[29-37

and applications of the spoof LSPs. ! Comparing with the

two-dimensional (2D) spoof plasmonic structure, the three-
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dimensional (3D) textured perfect electric conductor (PEC)
cylinder with finite thickness supports not only electric dipo-
lar resonance, but also magnetic dipolar resonance on a deep-
subwavelength scale.?8! Recently, we also have demonstrated
that a hollow spoof plasmonic structure can support the mag-
netic and electric dipolar resonances similar to the Mie-
resonances in high-index dielectric particles.* Particularly,
the resonant frequencies of the magnetic dipole and electric
dipole can be freely tuned by changing the geometrical pa-
rameters. Furthermore, we demonstrate that directional elec-
tromagnetic scattering can be realized in an artificial Mie reso-
nant structure that supports electric dipole mode and magnetic
dipole mode simultaneously.!'®! These results maybe provide
a versatile platform to design the various advanced optical de-
vices (antenna, metamaterial, metasurface, efc.) with switch-
able directional scattering direction.

In this work, we show that the structure is constructed
by inserting a PEC cylinder into the hollow of the spoof plas-
monic structure. Then, based on the modal expansion tech-
nique, we propose an effective medium theoretical model to
analyze our structure. The results confirm the electromagnetic
responses of the spoof core—shell plasmonic structures. Fur-
thermore, it is verified that the directional scattering can be
achieved due to the interference between electric dipole res-
onance and magnetic dipole resonance. Next, we discuss the
influences of structure parameters on the backward and for-
ward scattering. The results show that the directional scat-
tering frequency and intensity can be tuned by tailoring PEC
cylinder radius. Finally, the direction of directional scattering
is switched by plugging a PEC cylinder core. The results indi-
cate that we can use a simple method to switch the directional
scattering direction. The proposed switchable directional scat-
tering could open up an alternative avenue to digitizing elec-

tromagnetic wave communication and associated applications.

2. Spoof core-shell plasmonic structure

We consider that the spoof core—shell plasmonic structure
with switchable directional scattering direction is constructed
by inserting the PEC cylinder with the radius of R; into the
hollow of the spoof plasmonic structure as shown in Fig. 1(a),
and the core—shell structure is excited by a plane wave from
the top. The proposed spoof plasmonic structure with a PEC
core in the 2D scenario is schematically shown in Fig. 1(b).
The proposed core—shell structure was constructed by period-
ically inserting cut-through slits into the hollow PEC cylin-
der. The outer radius and inner radius corresponding to the
opening and bottom of the cut-through slits are represented as
R3 and Ry, respectively. The (r,0) are the polar coordinates,
a and d = 27R3/m are the width of the slit and the period,

respectively, where m is the number of slits. The slits with
depth h = R3 — R, are filled with a dielectric with refractive
index of ng, and the surround of this structure is air. As is well
known, the region (R, < r < R3) can also be regarded as a ho-
mogeneous and anisotropic metamaterial of thickness 7 with
& = —o, £g = néd/a, and u; = a/d for the transverse mag-
netic (TM) polarized incident wave. These structural parame-
ters are illustrated in detail in Fig. 1(b). In the following, the
structure parameters are chosen as R, = 15 um, R3 = 30 pm,
m =12, ng = 3.4, and a = 0.4d, unless otherwise specified
in this work. The reason why we choose the refractive index
ng = 3.4 of dielectric here is to approach to the refractive index
of silicon. The size of the unit cell can be designed on a deep
subwavelength scale due to the limit of a < d < Ay, where Ag
is the wavelength of the incident wave.

Fig. 1. (a) Schematic diagram of spoof plasmonic structure with PEC cylin-
der, with TM-polarized incident plane wave propagating from top to bottom
along y direction. (b) Two-dimensional structure with structural parameters:
inner and outer radii of the spoof plasmonic structure R, and R3, periodicity
d, and slit width a, and PEC cylinder radius R;. Cyan region and yellow
region represent Si and PEC materials.

3. Results and discussion

Generally, the scattering cross section (SCS) can accu-
rately describe the electromagnetic response of the structure
with negligible absorptions. Therefore, we show the normal-
ized SCS (denoted by black dotted line) by the finite element
method (FEM) with the commercial software COMSOL Mul-
tiphysics in Fig. 2(a). The SCS is normalized to the diam-
eter 2R3 of the core—shell structure. It is obvious that we
can clearly see three resonant peaks in the SCS spectrum,
which respectively correspond to magnetic dipole (MD), elec-
tric dipole (ED) and electric quadrupole (EQ). Then, based
on the modal expansion technique, we propose an effective
medium theoretical model to analyze our structure and can
write the magnetic field H; in different regions as

oo

Hi(r0) =Y. [i"T.(kor) +AH, (kor)] exp(in6) (1)

n=—oo

for region I (r > R3), and

=

HY(r,0) =Y [BuJo(kongr) +CYo(kongr)|exp(in) (2)

n—=—oo
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for region II (R, < r < R3), and

o

H™(1,0) = Y [DaJu(kor) + ExYa(kor) exp(inf)  (3)

n=—oo

for region III (R; < r < R;), and it has no magnetic field on the
inside of PEC (r < Ry). where J,, and H,(f)are the n-th-order
Bessel function and Hankel function of the first kind, respec-
tively, and Y,, is the n-th-order Bessel function of the second
kind; A,, B, Cy, D,, and E,, are complex constants; n is an in-
teger quantifying the orbital angular momentum of the mode;
ko is the angular wave number in the background medium.

After matching boundary conditions at r = Ry, r = R, and

r = Rz, the analytic expression of the SCS can be expressed as
4 =

=1 L Il )

n=—o0

where the complex constant A, can be written as

A, = i an(k0R3) +Jn(k0R3) )

uHY (koR3) —HY (koR3)

with

u = [—a(v]y(kongR3) + Y1(konyR3))]/[—dng(vIo(kngR3) + Yo (kongR3))],
V= [Y1 (konng) + dngNY() (konng)/(aM)]/[Jl (konng) + dngNJ() (konng)/(aM)],

where M = [1,,(koR,) — 1, (koR) Y 1 (koR>) /Y, (koR;)] and N = [V, (koR,) — V., (koR )Y/, (koR>) /Y, (koR;)]. In this example, the
analytical total SCS (marked by red solid line) is determined by Eq. (4). Then, we calculate the individual SCS of multipolar
resonances as shown by the green solid line (n = 0, MD), blue solid line (» = %1, ED), and cyan solid line (n = 2, EQ).

= = =Simulation (a)
4F Analysis total
——— Analysis MD
n 3 Analysis ED
[ Analysis E
8 nalysis EQ
el
9}
N 9t
=
g
—
o]
z 1}
e ———a—
0 - L L .
0.50 0.75 1.00 1.25 1.50

Frequency (THz)

(b) MD

,,,,_>\\\..
bt T

R T O

Fig. 2. (a) Calculated SCS spectra for the spoof plasmonic structure with
PEC cylinder, with black dotted line corresponding to simulation result and
red solid line being analytic calculation. Green solid line, blue solid line, and
cyan solid line referring to SCS of modes MD, ED, and EQ, respectively. (b)
Distribution of magnetic field H; at the resonant frequency of MD mode in
the structure. (c) Distribution of electric field marked by blue arrows. (d) and
(e) Distribution of magnetic field H, at the resonant frequency of ED and EQ
modes in the structure.

To clearly demonstrate the resonant nature, the distribu-

tions of magnetic fields corresponding to three resonant peaks

in the SCS spectrum, which is in the z direction, are illustrated
in Figs. 2(b), 2(d), and 2(e). Particularly, the electric field dis-
tribution denoted as blue arrows is also given in Fig. 2(c) cor-
responding to the MD mode. These results clearly confirm the
electromagnetic responses of the spoof core—shell plasmonic
structures.

The proposed spoof plasmonic structure with PEC core
in the 2D scenario is schematically shown in Fig. 3(a). The
TM-polarized incident wave from the top is excited and the
scattered into the lower (forward) or upper (backward) part.
Next, we will discuss the scattering properties from the de-
signed structure as shown in Fig. 3(b). In Fig. 3(b), the red and
black solid lines indicate the backward and forward scattering
cross sections respectively. The blue solid line represents the
forward-to-backward (F/B) ratio. We notice that the backward
scattering is almost zero and the F/B ratio has a maximum
value at f = 0.63 THz in Fig. 3(b), denoted as “1”. More-
over, at f = 0.75 THz denoted by vertical dotted line “2”, the
backward scattering is dominant and the F/B ratio is minimum.
To demonstrate this, we plot the angular scattering diagram in
Figs. 3(c) and 3(d) denoted as “1” and “2” corresponding to
those in Fig. 3(b). For the scattered coefficients from Eq. (4),
we obtain the angular scattering amplitude of far-field

S(O) =/ 2/7'Ck0

Ag+2 i A, cos(nf)|, 6)

n=1

where 0 is the polar angle. In our case, the multipole number is
n=0, 1, 2 corresponding to MD, ED, QD. In Fig. 3(c), we can
see that the scattering farfield (red solid line) calculated from

Eq. (6) shows the distribution of directional forward scattering,

054101-3
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and simultaneously the far-field scattering is demonstrated by
numerical simulation (marked by the black cross symbols). It
is obvious that the scattering light from the spoof plasmonic
structure is almost transformed into forward scattering and
barely no backward scattering. Similarly, the farfield distribu-
tion of directional backward scattering is plotted in Fig. 3(d).
The result indicates that the scattering light is almost trans-
formed into backward scattering and low forward scattering.
The physical mechanism behind directional forward scatter-
ing is that the constructive interference between the scattering
fields of MD mode and ED mode occurs in the forward direc-
tion for f = 0.63 THz, while destructive interference occurs
in the backward direction. In other words, the backward scat-
tering amplitude is required to be zero, i.e., S (180°) = 0, then
we can obtain the first Kerker condition: Re(Ap) = Re(24))
and Im (Ap) = Im(24,). While the constructive interference
between the scattering fields of MD mode and ED mode occur
in the backward direction for directional backward scattering
at f = 0.75 THz, the destructive interference occurs in the for-
ward direction. Then, we can also obtain the second Kerker
condition from Eq. (6) for S(0°) =0, i.e., Re (Ag) =Re (24)
and Im (Ap) = —Im (24,).

(a) (b)
3
)
— 9 .8
E— 0 e}
—t 5 2 g
- N m
E =
g1
-
S
Z
0F - 0
0.50 0.75 1.00 1.25
Frequency (THz)
© (@

. 4 Simulation -
270° =— Analysis 270°

Fig. 3. (a) TM-polarized incident plane wave propagating from top to bot-
tom along y direction. (b) Forward (black curve) and the backward (red
curve) scattering cross-sections, and the forward-to-backward ratio (blue
curve) of the structure. (c) and (d) Far-field scattering patterns at the two
spectral points corresponding to the vertical dashed lines in panel (b) de-
noted by “1” and*2”.

In the above discussion, we have proved that the direc-
tional electromagnetic scattering can be induced due to the
mutual interference and simultaneous excitation of magnetic
dipole, electric dipole, and electric quadrupole. Next, we will
discuss the influences of structure parameters of the core—shell

structure on the backward and forward scattering. In order to

achieve the switch design, we must discuss the scattering char-
acteristics of the PEC bolt radius change. Figure 4(a) shows
the individual SCSs of multipolar resonances represented by
red (MD), blue (ED), and black (EQ) solid lines, respectively.
When the other parametric conditions remain unchanged, we
consider six structural models by varying R; from 12 mm to
15 mm. Then the corresponding scattering cross section are
plotted in Figs. 4(al)—4(a6). We can observe that the magnetic
and electric resonance frequencies are gradually approaching
to each other with the radius increasing. The magnetic dipo-
lar mode is blue-shifted and both electric dipolar mode and
quadrupole mode are red-shifted. Clearly, both the direc-
tional forward scattering and the backward scattering will be
enhanced because the interference between magnetic dipole
and electrical dipole is enhanced as indicated in Figs. 4(al)-
4(a4). Although the increasing of the PEC bolt radius can en-
hance the directional forward scattering, it will not produce
the directional backward scattering because the mutual inter-
ference among the magnetic dipole, electric dipole and elec-
tric quadrupole. In addition, the angular scattering diagram of
the directional forward scattering is shown in Fig. 4(b). Then
the corresponding backward scattering is plotted in Fig. 4(c).
These results show that we can tune freely the directional scat-
tering frequency and radiation intensity by tailoring the geo-

metrical parameters.

[ (a5) 14.9 mm

Fg

180°

| (a6) il 15 mm

.50  0.75 1.00 1.25
Frequency (THz)

(a) [(al) Ri=12pm g (b)
4" MD EDATY
21 Fy B,
2 [ (a2) 13 mm
180°
2l o\
n 0 ( 3) 14 mm
a. nr
2
° 2
0/&
= [ (ad) 14.5 mm
g 4 ©)
= ~ N\B
ZO 2 Fy
0
4
2
0
4
2
0
0

Fig. 4. (a) Individual SCS of multipolar resonance represented by red (MD),
blue (ED), and black (EQ) solid lines for designer structures with different
values of PEC cylinder radius R; in panels (al)—(a6). (b) Far-field forward
scattering patterns from F; to Fg in panel (a). (c) Far-field backward scatter-
ing patterns from B to B4 in panel (a).
That the interference between electric dipole resonance
and magnetic dipolar resonance causes the directional elec-
tromagnetic scattering is clearly shown in the above analysis.

Next, the unique feature with switchable directional scattering
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direction will be shown. Firstly, we consider a hollow PEC
cylinder with periodic cut-through slits as shown in Fig. 5(a).
Then, we also calculate the individual SCS of multipolar res-
onances represented by red (MD) and blue (ED) solid lines in
Fig. 5(c). We can see that the directional scattering occurs at
the overlap of the two curves. The intersection on the left is the
directional forward scattering and the right is the directional
backward scattering. Meanwhile, the angular scattering dia-
gram of directional backward scattering is plotted in Fig. 5(e).
For convenience, we refer to this state as “Turn on”. Next, in
order to achieve the state switching, we insert a PEC cylinder
with the radius of R into the cavity of the structure as indi-
cated in Fig. 5(b). From the above discussion, we can change

the directional scattering frequency by changing the radius R;.

Therefore, we have moved the forward scattering frequency to
an operating frequency the same as the operating frequency of
the backward scattering in Fig. 5(c). Furthermore, the angu-
lar scattering diagram of directional forward scattering is also
shown in Fig. 5(f) and this state is referred to as “Turn off”.
In order to determine whether the directional scattering have
occurred, we plot the field distribution of “Turn on” and “Turn
off” in Figs. 5(g) and 5(h). The white arrow indicates the di-
rection of the incident wave, and the small black spot in the
plot corresponds to the structure. According to the field dis-
tribution, we can find that the structure achieves the switching

of directional scattering direction due to the insertion of PEC

cylinder.

—
o
N

“Turn on”

180°

C
=

Normalized SCS

“Turn off”

ks
<
—

-

180° 0°

ED

240° 300°

0 1 L
04 05 06 07 08 0.9

Frequency (THz)

(g) Ry =0 um

(h) Ry =12.5 ym
Max

=

Min

Fig. 5. (a) Schematic diagram of spoof plasmonic structure with PEC cylinder, with this state referred to as “Turn on”. (b) Schematic diagram
of inserting PEC cylinder into the center of the structure in panel (a), with this state referred to as “Turn oft”. (c) and (d) Individual SCS of
multipolar resonances represented by red (MD) and blue (ED) solid lines for the designer structures in panels (a) and (b). (e) and (f) Far-field
scattering patterns in two states. (g) and (h) Near-field distributions in two states.

4. Conclusions

In this work, we have demonstrated that the spoof Mie
resonant structure can present the directional scattering by the
interference between the electric dipole resonanceand mag-
netic dipole resonance on a deep-subwavelength scale. By
modal analysis and numerical simulation, we confirm the elec-
tromagnetic responses of the spoof Mie resonant structures,
which states that the structure can achieve the directional for-

ward scattering and backward scattering. In addition, we also

discuss the influence of PEC cylinder radius on the perfor-
mance of the directional scattering. Finally, we achieve the
switching of directional scattering direction by inserting a PEC
cylinder into the hollow of the spoof plasmonic structure. In
addition, the proposed structure can be achieved by dry or
wet etching process, such as e-beam lithography, Focused ion
beam lithography, and reactive ion etching, The proposed ac-
tive tunable concept could open up an alternative avenue to

manipulating and controlling electromagnetic scattering in mi-
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crowave and terahertz region.
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