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ANALYSIS OF ELECTROMAGNETIC SCATTERING FROM PLASMONIC
INCLUSIONS BEYOND THE QUASI-STATIC APPROXIMATION AND
APPLICATIONS

HoNGJIE L1, SHANQIANG L1%2, HoNGYU Liul* AND X1ANCHAO WANG?

Abstract. This paper is concerned with the analysis of time-harmonic electromagnetic scattering from
plasmonic inclusions in the finite frequency regime beyond the quasi-static approximation. The electric
permittivity and magnetic permeability in the inclusions are allowed to be negative-valued. Using layer
potential techniques for the full Maxwell system, the scattering problem is reformulated into a system of
integral equations. We derive the complete eigensystem of the involved matrix-valued integral operator
within spherical geometry. As applications, we construct two types of plasmonic structures such that
one can induce surface plasmon resonances within finite frequencies and the other one can produce
invisibility cloaking. It is particularly noted that the cloaking effect is a newly found phenomenon and
is of different nature from those existing ones for plasmonic structures in the literature. The surface
plasmon resonance result may find applications in electromagnetic imaging.
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1. INTRODUCTION

Plasmonic materials are artificially engineered metamaterials that exhibit negative or left-handed optical
properties. V. G. Veselago was the first to theoretically investigate the electrodynamics of substances with
simultaneously negative permittivity ¢ and magnetic permeability p [32]. J. B. Pendry extended the work of V.
G. Veselago and gave the theoretical construction of a perfect lens [31]. Negative refractive indexed materials
have been fabricated in the lab [22]. Plasmonic materials have been proposed for many striking applications
including biomedicine imaging [5,6,17], near-field microscopy [12,13], molecular recognition [16], heat therapeutic
applications [7,11,15] and invisibility cloaking [1,21, 28, 29].

The mathematical study of plasmonic materials is interesting and has attracted significant attentions in
recent years in the literature. The negativity of the material parameters breaks the ellipticity of the governing
wave systems, and hence various resonance phenomena can be induced. At the resonant frequencies, the incident
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light couples with the surface plasmons to create a significant field enhancement around the plasmonic inclusions
which can be much shorter in wavelength and known as the surface plasmon polaritons. The surface plasmon
resonance can be used to enhance the wave imaging and it has been investigated for electromagnetic waves
in [5] for plasmonic nanoparticles, that is, for electromagnetic waves in the quasi-static regime. For a certain
plasmonic structures of the core-shell form, the so-called anomalous localized resonance and invisibility cloaking
effect can be induced; see [2-4, 9, 20, 26] for the related study in electrostatics and [8, 10, 14, 19, 23-25] in
elastostatics. In all of the aforementioned mathematical studies, the quasistatic approximation for the wave
scattering problems is technically made. In Kettunen et al. [18], the authors show that without the quasistatic
approximation, plasmonic resonance does not occur for the Helmholtz system if the plasmon parameter follows a
specific trajectory in the complex plane towards the singular state as the loss parameter goes to zero. In a recent
paper by two of the authors of the present article [27], it is constructed that if the plasmon parameter follows
certain designated trajectories in the complex plane toward the singular states, then plasmonic resonances can
still occur for the Helmholtz system in the finite-frequency regime beyond the quasi-static approximation.

In this article, inspired by the work [27], we analyze the electromagnetic scattering from plasmon inclusions
at finite frequencies beyond the quasi-static approximation. By using the layer potential techniques, we reduce
the electromagnetic scattering problem to a system of boundary integral equations. Then we derive the complete
eigensystem of the involved matrix-valued boundary integral operator within spherical geometry. The integral
operator is non-selfadjoint without the quasi-static assumption and the derivation of the spectral system is
rather delicate and subtle, even within the spherical geometry. Moreover, in the current study, one needs to
know the exact spectral information of the integral operator and hence the extension to general geometries
is unpractical. As applications, we give two general constructions of plasmonic structures such that one can
induce surface plasmon resonances and the other one can produce invisibility cloaking. We also provide concrete
examples within the Drude model for the Maxwell system. Similar to [5] in the quasi-static case, our result
on surface plasmon resonance can find applications in electromagnetic wave imaging in the finite regime. It
is worth of emphasizing that the cloaking effect discovered in our study is of different nature from the earlier
mentioned ones induced by the anomalous localized resonance, and it critically depends on the frequencies of
the electromagnetic waves. Furthermore, our numerical results show that not only the plasmonic structures, but
also any inhomogeneous inclusions embedded in the structures can be cloaked.

Next, we present the mathematical setup of our study by describing the electromagnetic scattering problem
and the time-harmonic Maxwell system. Let €, and pu,, be two positive constants which, respectively, charac-
terize the electric permittivity and magnetic permeability of the uniformly homogeneous space R3. Let D be
a bounded domain in R? with a smooth boundary dD and a connected complement R3\ D, which signifies the
plamsonic inclusion embedded in the homogeneous space. The permittivity and permeability of D are specified
by €. and p.. At this point, we only assume that ¢, and . are complex numbers with nonnegative imaginary
parts, that is, €., . € C and e, Sue. > 0. Eventually, we shall construct that e, and u. might be certain
complex numbers with negative real parts. Let w € R} denote the frequency of the electromagnetic waves. Set

km = Wy/€mltm, ke =wy/€ctic with Rk, >0, Sk, <0, (1.1)
and
€D = emX(Rg\D) + ECX(D)> HD = MmX(RS\D) + /'[/CX(D)7 (1'2)

where and also in what follows x denotes the characteristic function. Let (E?, H?) be the incident electromagnetic
field, and it satisfies the following Maxwell system in the homogeneous space,

V x B —iwp, H =0  in R3,

. . 1.3
V x H +iwe,, B =0 in R3, (13)

where i := +/—1 is the imaginary unit. The electromagnetic scattering associated with the medium configuration
described in (1.2) due to the incident field (E, H?) in (1.3) is governed by the following transmission problem
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of the Maxwell system,

VxE—iwupH=0 in R*\0D,
VxH+iwepE=0 in R*\0D, (1.4)
vXE|f—vxEl_=vxH|; —vxH|l_=0 on 0D,

subject to the Silver-Miiler radiation condition,

i e (Vi = O x5 = Van(E - B (). (15)
which holds uniformly in x/|x| € S?. The radiation condition (1.5) characterizes the outgoing nature of the
scattered wave fields E®* := E — E? and H® := H — H’. In this paper, we are concerned with studying the
quantitative behaviours of the scattered fields E®, H® and their relationships with the proper choices of the
plasmonic parameters e, i, and the incident fields E?, H?. Specifically, as discussed earlier, we are mainly
interested in the two phenomena of surface plasmon resonance and invisibility cloaking. It is emphasized that we
do not impose the quasi-static assumption in our study, namely, there is no such assumption that w-diam(D) <«
1, and as also discussed earlier, this is one aspect that distinguishes the current study from the existing ones in
the literature.

The rest of the paper is organized as follows. In Section 2, we present the integral reformulation of the
electromagnetic scattering problem using layer potential techniques. Section 3 is devoted to the spectral analysis
of the integral operators derived in Section 2. In Section 4, we consider the surface plasmon resonance results
and in Section 5, we consider the invisibility results.

2. INTEGRAL FORMULATION OF THE MAXWELL SYSTEM

In this section, using the layer potential techniques, we present the integral formulation of the electromagnetic
scattering problem (1.1)—(1.5). We begin with the introduction of some Sobolev spaces and potential theory for
the Maxwell system for the subsequent use.

Let D be a bounded domain in R? with a smooth boundary dD and a connected complement R*\D. We
use Vop, Vap- and Ayp to respectively signify the surface gradient, surface divergence and Laplace-Beltrami
operator on the surface dD. Denote by

L2.(0D) := {p € L*(0D)* v - ¢ = 0},

where and also in what follows v signifies the exterior unit normal vector to the boundary of a domain concerned.
Let H*(0D) be the usual Sobolev space of order s € R on dD. Introduce the following function spaces

TH(div,0D) := {p € L%(dD) : Vap - ¢ € L*(0D)},

and
TH(curl,dD) := {¢ € L2(0D) : Vop - (p x v) € L*(0D)}.

Define the vectorial surface curl by
curlppy = Vopy X v,

for ¢ € L?(0D) and one can verify that
V&)D . VaD = A(?D and V&)D . curlaD =0. (2.1)

Next, we recall that the fundamental outgoing solution G(x,y,k) to the Helmholtz operator A + k? in R? is
given by

nyk———ieikl | x,yeR} x+#y 2.2

) ) 9 ) ) * -
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For a density ¢ € TH(div,0D), we introduce the following vectorial single layer potential operator,
Aplel(x) := - G(x,y, k)p(y)ds(y), x€R’ (2.3)
For a scalar density ¢ € L?(dD), the single layer potential operator is defined similarly by
Splel(x) := - G(x,y,k)e(y)ds(y), xeR’. (2.4)
We shall also need the following boundary integral operators,
8l : L*(9D) — H'(9D)
o Splelx) = | Geey k)e(y)ds(y), x € aD;

oD
(K%)" [¢] : L*(D) — L*(dD)

o (KB) [#l(x) = /BD %}i’k)wmdsw), x € OD; s
(Kb)" ] : L2(0D)* — L*(0D)? '
o (15) Tl = [ 28 Popasty), xe o
Ay l] : 12(0D)* — H'(@D)*
o= Aplel) = [ Glxy.Bely)dsty). x oD
and
M"Y (] :TH(div,0D) — TH(div,dD)
oo MbIPI) = [ 1nx Voo Gy Rply)dsly). x € 0D (26)
LY ] :TH(div,0D) — TH(div,dD)
o Lhlpl(x) = v x (KA lpl(x) + VSb[Vap - ¢]) . x € 0D, 27
There holds the following jump formula for ¢ € L2(dD) (cf. [30]),
(v x V x Ab)" = +2 4+ Mblel on oD, (2.8)

where N
(vx x Vx AR)T (x) = lim vy x V x Ap[p](x £ trk), Vx € 0D.

t—0t
In what follows, similar to (2.8), the subscripts =+ signify the limits from the outside and inside of D, respectively.
With the above preparations, we are in a position to derive the integral formulation of the electromagnetic
scattering problem (1.1)—(1.5). Using the vectorial single layer potential operator (2.3), the solution to (1.1)—(1.5)
can be be given by the following integral ansatz (cf. [5]),

i(x x Akm x V x A (o](x X 3\D
B(x) = {E( )+ 1V X A ]+ V x V x A5 o] (x), € R3\D, 2.9)

1V x A [ab] + V x V x Abe[](x), x €D,
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and

1
H(x) = - (Vx E)(x), x¢cR3\aD. (2.10)
Wi p
By matching the boundary condition (the third condition in (1.4)) and using the jump formula (2.8), the pair
(¥, ) € TH(div,0D) x TH(div,9D) is the solution to the following system of integral equations,

(I+K)®d =F, (2.11)
where
[ letlm
. e 0
= K2 K2, J
L 0 (2Mc + 2um> I
. [ ueMbs — My Lhe — hee
o Ekc . LICNL ﬁMkc _ Lfn,Mkm
L D D He D Hm D
v x E
b = and F = )
7] iwrv x H

Here and also in what follows, I signifies the identity operator.

Based on the integral formulation (2.11), we next give the formal definitions on the surface plasmon resonance
and invisibility cloaking effect associated with the scattering problem (1.1)—(1.5). At this point, we suppose that
the operator (I 4+ K) possesses an eigen-system {=; };r:"f and {7;}52, such that

(]I‘FK)[E}] = TjEj.

Moreover, it is assumed that the set of functions {E]}jz‘xf is complete in the space L2 (9D)?2. Definitely, we
shall construct such an eigen-system in what follows under a certain circumstance and this is one of the main
technical contributions of the current study. Using such an eigen-system, the integral system (2.11) can be
solved via the spectral resolution by firstly representing the RHS term F in (2.11) as F = Z;;Ocl) &, and then
by straightforward calculations that

+

oo

P =

3 &

5. (2.12)

<.
Il
_

Thus from (2.9), the scattered wave field in R3\ D to the problem (1.1)-(1.5) can be given as follows

+oo L
E*(x) = Z? (umv x A [251] +V x V x Ak [Ej’g](x)) , xeR3\D, (2.13)
g=1"7

where

(]

=4
| S
TS

Based on the representation of the scattered wave field E® in (2.13), we introduce the following definitions for
the phenomena of the surface plasmon resonance and invisibility cloaking.

Definition 2.1. We say that the surface plasmon resonance occurs if there exists an eigenvalue 7; of the
operator (I+ K) such that |7;| < 1 with f; # 0.

Definition 2.2. We say that the object D is invisible to the incident wave (E¢,H?) , if all the eigenvalues 7;
of the operator (I 4+ K) with f; # 0 satisfy
|75 > 1.
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In the situation as described in Definition 2.1, by (2.13), one readily sees that the corresponding scattered
filed encounters a certain blowup. Indeed, in such a case, the significant field enhancement is mainly confined
to the surface of the electromagnetic inclusion D and it is referred to as the surface plasmon resonance; see
our numerical illustrations in Figures 1 and 2 in what follows. On the other hand, in the situation as described
in Definition 2.2, one can easily verify that the corresponding scattered field should be nearly vanishing and
hence invisibility cloaking effect can be observed. Indeed, in our subsequent numerical study, it is observed
that not only the plasmonic structure but also certain inhomogeneous inclusions embedded in the structure are
invisible under the wave impinging. Clearly, the occurrence of the surface plasmon resonance and the invisibility
cloaking critically depends on the appropriate choice of the material constitution of the plasmonic inclusion,
namely (D; e, u1.) and the source F, namely (E?, H?). In what follows, we shall first construct the eigen-system
for the operator (I+K) with the spherical geometry. It is emphasized that the spectral structure of the operator
(I+ K) with w = 0, namely in the quasi-static regime, is known [5]. In the finite-frequency regime with w ~ 1,
the operator (I + K) is no longer self-adjoint and the construction is radically more challenging. Moreover, as
discussed in Section 1, for the surface plasmon resonance and the invisibility cloaking, one shall require the
exact spectral information of the operator (I 4+ K), and hence we mainly restrict to the spherical geometry.
Nevertheless, as can be seen that even in such a case, the corresponding derivation is highly nontrivial. After
the derivation of the exact spectral properties of the operator (I+4K), we can then use the corresponding result
to construct the suitable plasmonic structures that can induce surface plasmon resonance or invisibility cloaking.

3. SPECTRAL ANALYSIS OF THE INTEGRAL OPERATORS

In this section, we derive the spectral properties of the integral operators introduced earlier within the
spherical geometry. To that end, we assume that D is a central ball of radius R € R in what follows. Let S be
the unit sphere and we introduce the following vectorial spherical harmonics of order n € Ny := N U {0},

I, = VSY’I’L+1 + (TL + 1)Yn+1V7 n >0,

T, = VsY, x v, n>1, (3.1)
N, = —VsY, +nYn71V7 n>1,
where Vg is the surface gradient on the unit sphere S and Y;, is the spherical harmonics. It is noted that the
set (VsYp, VsY, X v),en forms an orthogonal basis of L4(S) (cf. [30]). Let j,(t) and hgll)(t) be, respectively,

the spherical Bessel and Hankel functions of order n € Ny. The following lemma shows the spectral properties
of the operator (IC,’%)* and S§, (cf. [27]).

Lemma 3.1. Suppose that k and R satisfy the following condition

,jWL(kR) 7é j’rn+2(kR) fOT m 2 O (32)
Then it holds that
(K%)" [Val(2) = A rYa(@) with n >0, (3.3)
where
1 1
Ak =5 = ik2R2j! (kR)L ) (kR) = -5 ik2R2j, (kR)L M (kR). (3.4)

On the boundary 0D, we have
SEIV, (%) = Xnk.rYn(E), €D,

where
Xnk.r = —ikR2hV (kR)jn (kR).
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Using the vectorial spherical harmonics in (3.1) and Lemma 3.1, one has by direct calculations that
{ (K5) " [VsYy + nYyuv] = Auo1 5 r(Vs Yy + nYov), n>1,
(K5)" [~VsYn + (n + 1)Yyv] = Ms1,4,1(—VsYn + (0 + 1)Y,v), n > 0,

and

A [—VsY, + (n+ 1) Y] = Xni1 k. r(—VeYn + (n+ 1)Y,v), n > 0.
By solving the above two systems, one can further show that

{ AL [VsY,, + nYuv] = Xn_1,6,r(VsYy + nY,v), n>1,

(KkD)* [VsY,] = T, VsYy + T2 n Yov, 55)
(KkD)* [YTLV] = 7r37’rLVSYn + 7r47nYnVa
with
o — (n+1DA—1k,R + NAng1k,R _ nn+1) o\ . )
1,n om+ 1 ) 2,n m+ 1 n—1,k,R n+1,k,R)> (3 6)
o /\n—l,k,R - )\n+1,k,R . (7’L + 1>)\n+1,k,R + n>\n_1’k7R.
T3,n = s Typ = ;
’ 2n +1 ’ 2n +1
and B
AIB [VSYn] = Ol,nvSYn + a2,nYnV7 (3 7)
“ZIB [YHV] = US,nvSYn + U4,nYnV, .
with
_ (n+Dxn—1,k,R + Xnt1,k,R _n(n+1)
O1,n = o+ 1 , O2n = 2m 1 1 (anl,k,R Xn+1¢k,R),
_ Xn=1,k,R — Xn+1,k,R (4 D)Xni1,kR + NWXn-1,kR
O3,n = ) O4n = .
’ 2n+1 ’ 2n+1

With these preparations, we next derive the spectral properties of the operators M’B and E’fj. It is noted that
./\/l’fj and /J’fj are entries of the matrix operator K, and their spectral properties form a critical ingredient for
our subsequent derivation of the spectral system for the operator I + K.

Proposition 3.1. The orthogonal base functions of L%(S), VsY,, and VsY, x v withn > 1, are eigenfunctions
for the operator MY, defined in (2.6), and one has

M [VsY, x v] =mk, VsY, x v and M%[VsY,] =mh, VsY,, (3.8)
with .
m]f)n = (71'17” + E(Ul’" —n(n+ 1)0’3)71)) and mgn = (/\n)k,R + Xn#) (3.9)

where T n, 01, and 03 5, and, Ap kg and Xn kR are given in (3.5), (3.7) and Lemma 3.1, respectively.

Proof. With the help of vector calculus, the identity dx, G(x,y, k) = —0y, G(x,y, k) and the definition of M¥,
given in (2.6), one can find that

ME ] = / Ve X Vi X G(x, 7, E)p(y)ds(y)
oD
= —vex | VyG(x,y,k) x p(y)ds(y)
oD (3.10)
=y x / (VyG(x,y,k) - vy)vy + Vop, G(x,y,k)) X ¢(y)ds(y)
oD

= e x / (VxG(x, ¥, k) - )y + Vop, G(x,y, k) x 0(y)ds(y),
oD
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where the last identity follows from
VyG(x,y,k) vy = VxG(x,y,k) - vx for x,y€dD.

For ¢ = VsY,, x v, one has

— vy X / (VxG(x,y, k) - vx)vy X @ds(y)
aD

(3.11)
= —vy X (K’E))>k [VsYo] = 1., VsYn x v,
which follows from (3.5), and the following fact
| Von,Gxy. k) % ey)ds(y)
oD
—— | (Von,Glxy. ) VeYauydsy)
oD
3
-3¢ | (o0, Glx.y. ) Vs, 0y - ))ds(y)
3
=36 [, G0y Von (Va¥ulvy ety
3
_ Z / (.7, k) (Vop - VsYa(vy - €;) + VsYa - Vop(vy - €;))ds(y)
1
= = (—n+ DAYar] + AH[VsYa))
where e;, j = 1,2, 3, are the unit coordinate vectors in R3 and the last identity follows from
3
Ze] VsY, - Vap(vy - €5)) = RVSY
j=1
From (3.7), one has that
— Uy X Vop,G(x,y, k) x (VsY, x v)ds(y)
oD ) (3.12)
= E(Jl’n —n(n+1)o3n)VsYy x v.
Then by combining (3.10), (3.11) and (3.12), one can directly verify that
1
M’B[VSYTL X v = (771,n + E(Ulm —n(n+ 1)037,1)) VsY, x v.
For ¢ = VsY,, = v x (VsY,, x v), by (3.1) and Theorem 3.1, one has that
— Uy X VxG(X,y,k) - vx)vy X pds(y
| (9aGloy. k) vy x ds(y) o1

= Vx X (K’B)* [VSYn X I/] = )\n,k,RvSYno
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Furthermore, one can deduce that
/ Vop,G(x,y,k) x (vy x (VsY;, x vy))ds(y)
aD

= / (Vop, G(x,y,k) - (VsYn X vy))vyds(y)
aD

—Zej | (Von, Gy k) - (Fa, x 1) (v -5)ds(y)

3

== Yoo [ Gl Van- (VY x )04 - €)ds(y)
j=1
3

— Zej/ (%,¥7,k)(Vap - (VsYn x vy))(vy - €5)

+ (VsYn x vy) - Vop(vy - €;))ds(y)
3

== e [ GleyR(VaYi xvy) - Von (o - €)ds(y)

j=1

- _% (Ab[VsYa x v]) .

In the derivation of (3.14), we have used the fact that
V3D . (VSYn X I/y) = O,

which follows from the identity (2.1). Thus from Lemma 3.1, one has that

—Uy X Vop,G(x,y, k) x (VsY, x v)ds(y) = X"]’S’R VsY,,.
oD

Finally, with the help of (3.10), (3.13) and (3.15), one can verify that

M]B[VSYn] = (An,k,R + Xn,éc,R) VsY,.

The proof is complete.
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(3.14)

(3.15)

O

Proposition 3.2. For the operator E% defined in (2.7), and VsY, and VsY, X v with n > 1, there hold the

following identities,
Ly[VsY, x v] =15, VsY, and L}[VsY,]=15,VsY, x v,
with
n(n+1)
R2

where 01, and Xn.kx,r are given in (3.7) and Theorem 3.1, respectively.

k 2 k 2
ll,n =k Xn,k,R and l27n = ( Xn,k,R — k Ul,n) 5

Proof. Recall that
Lhle] = v x (R ABle)(x) + VSH[Von - ¢]) -

For ¢ = VgsY,, X v, one can show that

v X K2A5[VsY,, x v] = k* X1 g VsYn.

(3.16)
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The identity in (2.1) gives
Vop - (VsY, xv) =0,

and thus from the last two identities, one has
LY [VsY, x v] = KX k.5 VsYn.
For o = VsY,,, by (3.7), one can show
Vy X kQAVIB [VsY,] = —k20'17nVSYn X V.
As for another term in (3.16), one has that

Ux X VSEVop - VsV, = v x VSE[AsY,/R]
—n(n+1) n(n+1)

= v x VSHIYal = S

which follows from the identity (2.1), Lemma 3.1, and the fact (¢f. [30])

Xn,k:,RvSYn XV,

AsYy = —n(n+1)Y,.
Therefore, there holds
L[ VsY,] = (n(n};—l)xmkﬁ - k‘201,n> VsY, x v.
The proof is complete. U

After achieving the spectral systems for the operators M¥%, and L%, respectively, in Propositions 3.1 and 3.2,
we proceed to derive the spectral system of the operator I+ K defined in (2.11). We have

Theorem 3.1. The eigenvalues and their corresponding eigenfunctions for the operator I + K given in (2.11)
are given as follows with n € N,

I+K)[E1n] = 110810, I+K)[E2m] = 12,0520, (3.17)
I+ K)[E3n] = 3030, [(+K)[Esn] = T40nE4n, '
where
k2 k2 k2 k2
k k c k m  _k c m
T = ar (U, — 1) + —Smbs, — ~mfr, S
(i = i), e 220 2,
k2 k2 k2 k2
Tom = az(lllécn . lllﬂn;l) + imgen N mn,LlQm7711 + e m_
’ ’ He 7 Hm 7 2pe 2 (3.18)
A X ]{32 & k2 X k‘2 ]{?2 :
Tan = ag(lyy, —lo) + —=mys, — —=my 4 5 4 o
(e = l2) = ™10 3 ¥ 2
) k2 k2 k2 k2
k k c k m  _k c m
T4,n:a4lcn_l7:i _A'_imcn_imTl_i_ +7,
(2’ 2, ) He L Hm L 20 2pm
and

= a1VsY, x v = _ |0aVsYy xv
VSYn ’ —2n — VSYn )

=3 VSYn xXv|’ =4n = VgYn xXv|’
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with
o — k2, (2m5m — 1) pie + o (pre(fie + 2m5, e + pan — 2m47 i) — k2(2m5°, + 1)) + /By
A0S, — W) et ’
y — ki (2m7, = Dt + pon (e (e + 2mY, e + pim = 2mi 7 1m) — k2(2m55, +1)) = /B1
A5, = 1) et ’
0y — k2,(2mA = D)pte + i (1t (pe + 2M5%, e + fim — 2mb7 i) — k2(2m45, + 1)) + \/ﬂiz,
Al = 157 Y tefim
oy — k2, (2m5m — 1) pie + o (pre (e + 2m5, e + pan — 2m57 ) — k2(2mYe, + 1)) — /B
4(l55, = 157 ) ek ’
and

2
(k2 (2mbs — Ve +um(uc(uc + 2m‘ffnuc — 2mf ) — 22mbs, + 1))
62 = 16(l]1€,cn - lllc::L)( - l’QC n)/’"
2 k k k 2 k 2
(K2.ms = Dpte +iim(elpte + 2mbs, e — 2mb7 ) = K2(2mfs, + 1))

Here m’f,n,mlgﬁn and l’fn,lz’n are, respectively, given in Propositions 3.1 and 3.2. Moreover, the eigenfunctions
{{Eim}?:l}neN form a complete basis of L3(0D)?.

Proof. (3.17) can be shown by direct calculations with the help of Propositions 3.1 and 3.2. The completeness
of the set of eigenfunctions {{Z; ,}{_, }nEN on L2(0D)? follows from the fact that the family (VsY,,, VsY,, x v)
with n > 1 forms an orthogonal basis of L2(S). O

4. SURFACE PLASMON RESONANCE

As applications of the spectral results in the previous section, in particular Theorem 3.1, we next construct
plasmonic structures of the form (1.1)—(1.2) that can induce surface plasmon resonance and cloaking effect. In
this section, we mainly consider the surface plasmon resonance.

By Definition 2.1 and the corresponding discussion at the end of Section 2, it is sufficient for us to design
the electric permittivity €. and the magnetic permeability . in the domain D such that one of the eigenvalues
of the associated operator I + K is small enough. However, from the expressions of {7;,}%_;, n € N, in (3.18),
these eigenvalues are too complicated to allow for the explicit design. With the aid of computer searching, we
first show the existence of such plasmonic structures. Suppose D is the unit ball and set the parameters in (1.1)
and (1.2) to be

m =€n=1 w=5 pu.=1, and e, = —1.04018 4+ 0.00004i. (4.1)

One can verify from the expression of 7 , in (3.18) that
|7'1,40| < 1.
Let the incident wave be chosen to be a plane wave of the form

E 4 (eiw(z/\/iﬂ;/ﬁ), 76w<z/ﬁ+y/ﬁ>70> : (4.2)

which guarantees that the Fourier coefficient in (2.12) corresponding to 7 40 is not vanishing. Hence, the
conditions in Definition 2.1 are fulfilled and surface resonance occurs. Indeed, we plot the resonant electric
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F1GURE 1. Plotting of the first, second and third components of the resonant electric field
corresponding to the electromagnetic configuration described in (4.1) and (4.2).

field in Figure 1 corresponding to the electromagnetic configuration in (4.1) and (4.2). Here and also in what
follows, we make use of the finite-element method in numerically solving the involved Maxwell systems in the
simulations. It can be readily seen that there is significant field enhancement near the boundary of the plasmonic
inclusion, namely surface plasmon resonance occurs.

Next, by imposing a certain restriction on the incident fields, we can construct a general class of plasmonic
structures that can induce surface plasmon resonance. To that end, we first note that for n > 1, the spherical
Bessel and Hankel functions j, (t) and h%l)(t) have the following asymptotic properties

Jnlt) = Ht—énm (1 1o (%)) , (4.3)

R (¢) = I?’ltn—(ff‘_l) (1 o (%)) . (4.4)

With the help of the asymptotic properties for j, (t) and Y (t) in (4.3) and (4.4), one can show the following
estimates for the parameters, A\, k. r, Xn.k,R; m’f’n, m’in, l’f’n and l’g’n, given in Proposition 3.1, Lemmas 3.1 and

3.2 with n > 1,
1 1 -R 1
Mrr=———(1+0(=)), Yorr= 1+0(=)),
w5y (100(5)) wer=5ms (100(5))

1 1 1 1

k k

m 1+0( = mk = _ 14+ hat

Ln 4n + 2 < (TL>>7 2n 4n + 2 < 0 <n>)’

and




ANALYSIS OF ELECTROMAGNETIC SCATTERING FROM PLASMONIC INCLUSIONS 1363

—RE? 1 n(n +1) RE*(4n? + 4n + 3) 1
Eoo_ - ko _ _ -
ll’"_2n—|—1<1+0<n>>’ L2 (2n—|—1)R+8n3+12n2—2n—3 1+O(n '

Using the above estimates, one can further derive the following asymptotic expressions for the eigenvalues ; ,,

in (3.18) for n > 1,
1
Tion = Tin (1 +0 (n>) , 1=1,2,3,4, (4.5)

and

where
T :m <(” + Dpte + npin + (0 + 1)em + nec)w’—
\/((n + Dpte + g, — (04 D)em + nec)w?)? — Heotte = emisz)zflgj;n 8B >7
Ton :m <(n + Dpe + npm + ((n+ Ve, + nec)w2+
e ]
Tan :m <(n + D g+ nppe + (0 + Deg + nep)w?—
@+ Vb= (0 )+ gtz - ete =t P4 In Y,
and
Tan = m ((n + D pin + npie + (0 + Ve + nep )w?+

A(eofte — emnpim)2(402 + 4n + 3)WAR2
\/((n+ D +npre — (0 + 1)éc + nem)w?)? — (e = ¢ ZnQ)—lgfn j—3n+ S )
Since the eigenfunctions {Z; ,,}7_; with n € N given in the Theorem 3.1 are complete on L2 (S)?

the source term F in (2.11) in the following form

, we can write

4 +oo

F=> Y finZin (4.6)

i=1n=1
We can show the following resonance result.

Theorem 4.1. Suppose the Newtonial potential F in (2.11) has the representation in (4.6). Let ng € N be
sufficiently large such that the spherical Bessel and Hankel functions jn,(t) and h7(110) (t) enjoy the asymptotic
properties given in (4.3) and (4.4). Let the parameter €. and p. inside the domain D be chosen such that the
following conditions are fulfilled:

€c=—€m and R (tec+ pm) >0, (4.7)

or
e = —pm  and R ((ec + em)w?) > 0. (4.8)

If the Fourier coefficients fin, # 0 or fsn, # 0, then surface plasmon resonance occurs for both the medium
configurations (4.7) and (4.8). Similarly, let the parameter €. and p. inside the domain D be chosen such that
the following conditions are fulfilled:

em = —€c, and R (e + pm) <0, (4.9)
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or
fm = —pe and R ((e + em)w?) < 0. (4.10)

If the Fourier coefficients fan, # 0 or fan, # 0, then surface plasmon resonance occurs for both the medium
configurations (4.9) and (4.10).

Proof. From the expression of 7y ,, in (4.5), one can show by direct calculations that

) 1 )
Ting = m (no + 1) pte + nopm + ((no + 1)ém + noec)w
4(€ctte — €mpim)?(4n3 + dng + 3)w* R?
- \/((no + 1 pte + nopm — ((no + 1)ém + noec)w?)? — 102+ dng — 3
1 1
= Z((:U/c + ) + (€ + €m)w® = V(e + pm) — (€c + €m)w?)2) + O (no> :

If
em = —€c and R (e + pm) >0,

. 1
Tl,ng = O <Tl0) .

Clearly, one has resonance for this case since ng > 1. For the other case with

one can find that

fim = —pe  and R ((ec + €)w®) >0,

one can show by following a similar argument that

1
Tine = O (n) )
0

and hence resonance occurs. The occurrence of resonance for the medium configurations (4.9) and (4.10) can
be shown in a similar manner with the help of the asymptotic expressions in (4.5).
The proof is complete. O

Corollary 4.1. By Theorem 4.1, it is readily seen that if the parameters €. and p. inside the domain D are
chosen as

€c = —€pn and e = —[lm,

and the Fourier coefficients f; n, for F in (4.6) is non-vanishing for some i € {1,2,3,4} and a certainmn = ng > 1,
then plasmon resonance occurs.

Since we are considering the electromagnetic scattering in the finite-frequency regime, it is more practical for
the plasmon parameters to be constructed according to the Drude model (¢f. [5]), which states that

€c=¢€ | 1= wi) ;
( w(w +ir) (411)

W2
.= 1-Fa,
s MO( w2—w§—|—17'w>

where w, is the plasmon frequency of the bulk material, 7 > 0 is the object’s damping coefficient, F is a filling
factor and wy is a localized plasmon resonant frequency. In the rest of the section, we show that by following
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FI1GURE 2. Plotting of the first, second and third components of the resonant electric field
corresponding to the electromagnetic configuration described in (4.13) and (4.2).
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Y

a similar strategy as before via the use of the spectral result in Theorem 3.1, one can construct the desired
plasmonic structures according to the Drude model. Indeed, if we take

eo=po=1, w=5, 7=0.0001, wy=2, wg =51.0045 and F =0,
then by straightforward calculations one can obtain that
€. = —1.04018 + 0.00004i and p. =1,

which is exactly the one constructed earlier in (4.1). Let us consider another case with the filling factor F # 0,
and set

co=po=1, w=57=000001, wy=2, w)=51518 and F =0.1. (4.12)
Associated with (4.12), one has by direct calculations that
€c = —1.06072 +4.1 x 107% and p. = 0.880952 + 2.8 x 10~ "i. (4.13)

If the incident electric field is taken to be (4.2) again, one can show that surface plasmon resonance occurs. We
plot the corresponding resonant electric field in Figure 2 and one can readily see the surface plasmon resonance
phenomenon.

5. INVISIBILITY CLOAKING EFFECT

In this section, we construct plasmonic structures that can induce the cloaking effect associated to certain
incident waves. By Definition 2.2 as well as the discussion made at the end of Section 2, one needs to design
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FI1GURE 3. Slice plotting of the - and y-components of the incident, total and scattered electric
fields associated to the electromagnetic configuration in (5.1)—-(5.3).

the electric permittivity €. and the magnetic permeability . in the domain D such that all those eigenvalues of
the associated operator [+ K that correspond to the non-vanishing Fourier coefficients of the source F, through
the relation (2.12), should be large enough. That means the plasmonic structures and the incident waves are
related to each other and this makes the corresponding construction rather delicate and tricky.

Similar to our study for the surface plasmon resonance in the previous section, we first present some specific
constructions as well as the corresponding numerical simulations for illustrating the cloaking effects. Let

R=1, w=5 pm=€n,=1 p.=1 and e = —6.55806+ 0.000001i, (5.1)
and associated with such a configuration, one has from (3.18) that
|7‘3’1| > 1. (5.2)

We take the incident electric field to be

100y <sin(w\/ac2+y2+z2) cos(ws/x2+y2+z2> )

A E. wy/aryzt22 \ W@ fia e,
E' = EZ/ = 100z sin(w\/w2+y2+z2) cos(w\/a:erszrz?) s (53)
EZZ w\/z2+yz+zz w2 (x24+y2+22) w\/w2+y2+z2
0

whose trace on dD corresponds to an eigenfunction of the eigenvalue 757 in (5.2). Hence, the conditions in
Definition 2.2 are fulfilled, and one should have cloaking effect associated with the configuration described
n (5.1)—(5.3). In Figure 3, we present the slice plotting of the incident, total and scattered electric fields
associated with the configuration described in (5.1)—(5.3) for illustration of the cloaking effect. It is noted that
the z-component of the wave field is zero and hence it is not plotted. One can readily see that the scattered field
outside the plasmonic inclusion is nearly vanishing and hence the plasmonic inclusion is nearly invisible under
such a wave impinging. Furthermore, we next consider the cloaking effect if there is an inhomogeneous inclusion
located inside the plasmonic structure. Indeed, we let By, be a central ball of radius 1/2 which embraces an
inhomogeneous medium with € = 5 and g = 1. In Figure 4, we present the slice plotting of the incident, total
and scattered electric fields associated with the aforesaid configuration. Since the corresponding z-components
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FIGURE 4. Slice plotting of the - and y-components of the incident, total and scattered electric
fields associated with the electromagnetic configuration in (5.1)—(5.3) that embraces an inclusion
(Bij2;€ = 5, u = 1) inside the plasmonic structure.

are zero and we only plot the - and y-components of the wave fields. It is interesting to note that not only
the plasmonic structure but also the embedded inclusion are nearly invisible under such a wave impinging. The
latter cloaking effect could also be rigorously verified, but that would involve much lengthy and complicated
analysis and we leave it for the future investigation. Next, we show that if one imposes a certain restrictive
condition on the impinging wave fields, one can construct a large class of plasmonic structures that can induce
cloaking effect.

Theorem 5.1. Suppose that F given in (2.11) due to the incident wave has the following representation

+oo
F= Z Z fi,nEi,na (54)

i=1,3n=N

where N € N is large enough such that when n > N the spherical Bessel and Hankel functions j,(t) and h%l)(t)
enjoy the asymptotic properties given in (4.3) and (4.4). Let the plasmonic parameters €. and p. inside the
domain D and the wave frequency w € Ry be chosen such that

R (e + pm) — (e + €m)w?) >0 and (€. + €5 )w?| > 1, (5.5)

or
R (e + pm) — (e + €m)w®) <0 and |pe + pum| > 1, (5.6)

then the corresponding scattered wave field is nearly vanishing outside D. That is, the plasmonic inclusion D is
nearly invisible.

Proof. By following a similar argument to the proof of Theorem 4.1, one can show that when n > 1 and
R ((pe + pim) — (€c + €m)w?) >0,
there holds
fn = glec+ena? +0 (1), 6.7
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Then by using (5.7) and the second condition in (5.5), one has
[T1,n] > 1, (5.8)

which holds for n € N sufficiently large. Clearly, the conditions in Definition 2.2 are fulfilled and hence one has
the cloaking effect. The other case in (5.6) can be proved in a similar manner.
The proof is complete. O

Theorem 5.2. Suppose that F given in (2.11) due to the incident wave has the following representation

+oo
F= Z Z fi,nEi,na (59)

i=2,4n=N

where N € N is large enough such that when n > N the spherical Bessel and Hankel functions j,(t) and h;l)(t)
enjoy the asymptotic properties given in (4.3) and (4.4). Let the plasmonic parameters €. and p. inside the
domain D and the wave frequency w € Ry be chosen such that

R (e + pm) — (e + €m)w?) >0, and  |pe + pm| > 1, (5.10)

or
R (ke + pm) — (ec + em)w?) <0, and |[(ec + en)w?| > 1, (5.11)

then the corresponding scattered wave field is nearly vanishing outside D. That is, the plasmonic inclusion D is
nearly invisible.

Proof. The proof is analogous to that of the Theorem 5.1. O

Remark 5.1. Tt is remarked that the conditions (5.5) or (5.6) in Theorem 5.1 can be easily fulfilled, say e.g.,
one can simply choose the parameter €. such that

€c < =€,

and the source F is of the form (5.4) with w > 1, then (5.5) is satisfied. The same remark holds for the other
conditions in Theorems 5.1 and 5.2.

Remark 5.2. By Theorem 5.1 and 5.2, one can conclude that if the parameters ¢, and p. inside the domain
D, and the frequency w satisfy the following condition

e + pm| >1 and  |(eq + €)w?| > 1, (5.12)

then the inclusion (D; e, i) is nearly invisible to a general source term F of the form

4 400

F = Z Z fimEi,na

i=1 n=N

where N € N is large enough such that the spherical Bessel and Hankel functions j,(¢) and hg,,l)(t) enjoy the
asymptotic properties given in (4.3) and (4.4). However, it is also noted that the first condition in (5.12) may
not be practical and hence this remark may be mainly of theoretical interest.

By Remarks 5.1 and 5.2, one can readily see that the high-frequency of the electromagnetic wave plays a
critical role for such a cloaking phenomenon and it may not be so realistic to consider such a phenomenon in
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F1GURE 5. Slice plotting of the z-components of the incident, total and scattered electric fields

associated to the electromagnetic configuration described in (5.13), (5.14) and (5.3).

the quasi-static regime. Finally, we present plasmonic constructions following the Drude model (4.11) that can
induce the cloaking effect.
If we take

c=p =1, w=5 71=6615x10"", wy=2, w,=188952 and F =0,
then by (4.11) one can obtain that
€. = —6.55806 + 0.000001i and . = 1,

which is exactly the one constructed before in (5.1) and its cloaking effect has been shown in Figures 3 and 4.
Next, we show a case with a nonzero filling factor by taking

eo=po=1, w=57=0.00001, wy=2, wg =186.769 and F = 0.02, (5.13)
then by (4.11) one can obtain that
€c = —6.47076 + 0.00001494i and . = 0.97619 + 5.66893 x 107 5i. (5.14)

Let the incident wave E! be given in (5.3). The slice plottings of the x- and y-components of the incident,
total and scattered electric fields associated with the afore-described configuration are, respectively, presented



1370

Incident wave of the Y conponent with x_O

20
10
0
-10
-20

Incident wave of the Y conponent with y_O

Y

H. LI ET AL.

Total wave of the Y conponent with x=0 3

20
10
0
-10
20

Total wave of the Y conponent with y=0

20
10
0
-10
20

Y

Scattered wave of the Y conponent with x-O

5
Y
-5
5

Scattered wave of the Y conponent with y-O

5

Y

Scattered wave of the Y conponent with z_O

Incident wave of the Y conponent with z_O Total wave of the Y conponent with z=0 20

;
05 10
N 0 L
05
-10

-1 -

5 >

B 5

y 55 y 55 . y 55

‘

o“

FI1GURE 6. Slice plotting of the y-components of the incident, total and scattered electric fields
associated to the electromagnetic configuration described in (5.13), (5.14) and (5.3).

in Figures 5 and 6. It is noted that the corresponding z-components are all zero. Apparently, there are cloaking
effects observed.
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