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Abstract We consider plasmon resonances for the elastostatic system in R? associated with a
very broad class of sources. The plasmonic device takes a general core—shell-matrix form with
the metamaterial located in the shell. It is shown that the plasmonic device in the literature
which induces resonance in R? does not induce resonance in R>. We then construct two
novel plasmonic devices with suitable plasmon constants, varying according to the source
term or the loss parameter, that can induce resonances. If there is no core, we show that
resonance always occurs. If there is a core of an arbitrary shape, we show that the resonance
strongly depends on the location of the source. In fact, there exists a critical radius such that
resonance occurs for sources lying within the critical radius, whereas resonance does not
occur for sources lying outside the critical radius. Our argument is based on the variational
technique by making use of the primal and dual variational principles for the elastostatic
system, along with a highly technical construction of the associated perfect plasmon elastic
waves.
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1 Introduction
1.1 Mathematical setup

In this paper, we consider plasmon resonances for the elastostatic system, generalizing and
extending our two-dimensional study in [18] (see also [15]) to the much more challenging
three-dimensional case. Following [18], we first introduce the mathematical setup of the
elastostatic system and plasmon resonance. Let C(x) := (Cijkl(x))g/,k,zﬁ’ x € RN with
N =2, 3, be a four-rank tensor such that

Cij (x) :=A(x)8;; 8 + 1(x) (i1 + 8i8ji) . x € RV, (1.

where A, u are real-valued functions and § is the Kronecker delta. C(x) describes an isotropic
elastic material tensor distributed in the space R, where A and 1 are referred to as the Lamé
constants. For a regular elastic material, it is required that the Lamé constants satisfy the
following strong convexity condition,

uw>0 and NA+4+2u>0. (1.2)

In the sequel, we write C;_, to specify the dependence of the elastic tensor on the Lamé
parameters A and p.

Let ¥ and €2 be bounded domains in R with connected Lipschitz boundaries such that
% € Q. Consider an elastic parameter distribution Cj ; given with

(A, i) = (A(x) +i8)(h, ), x € RY, (1.3)

where § € R denotes a loss parameter; (A, ) are two Lamé constants satisfying the strong
convexity condition (1.2); and A(x) has a matrix—shell-core representation in the following
form
+1, xeX,
A(x) =qc, x € Q\Z, (1.4)
+1, x e RN \5,

where c is constant that will be specified later. The choice of ¢ is critical in our study, and in
principle, it will be negative valued. In such a case, c is called a plasmon constant and (1.3)
is referred to as a plasmonic device.

Let f be an R" -valued function that is compactly supported outside € satisfying

/ f(x)dV(x) =0. (1.5)
RN

f signifies an elastic source/forcing term.

Letus(x) € CV, x € RY, denote the displacement field in the space that is occupied by
the elastic configuration (CX, i f) as described above. In the quasi-static regime, us(x) €
Hl%)c (RM)N verifies the following Lamé system

L5 7us(x) =f(x), x eRY,

us|— =usly,  Opy U5l = dy; jusly on IX U ISR, (1.6)

n

us(x) = O(llx)|™!) as flx]| — oo,
where the partial differential operator (PDO) L3 ; is given as follows

L5 qus:=V - C;;V'us = LAus + (A + )VV - us, (1.7)
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with V¥ defined to be the symmetric gradient
! 1
Viug 1= 3 (Vllg + VUBT) ,

and T signifying the matrix transpose. In (1.6), the conormal derivative (or traction) is defined
by

B
Oy~ _Ug )

7= g =MV - u(;)v—i—ﬁ(Vu,; +Vu5T) v on 9% or 982, (1.8)
., vi g

where v denotes the exterior unit normal to dX /92, and the =+ signify the traces taken from
outside and inside of the domain X/ €2, respectively.
Next, foru € H]LC(]RN)N andv € Hch (RN we introduce

P, (u,v):= / [AM(V-w)(V V) (@) +2uVu: Viv(x)] dV (x), (1.9)
RN

where and also in what follows, for two matrices A = (q; j)fY j=1 and B = (b; j)fY =1

N
A:B= " ajby. (1.10)
ij=1

For the solution ug to (1.6), we define

8
Es (Cx,,;,f) =P (U5, 05) (1.11)

which is the imaginary part of
1 s s
E/RN Viug : CX,ﬁV usdV.

E; signifies the energy dissipation of the elastostatic system (1.6).

Definition 1.1 The configuration (C;, i f) in (1.6) is said to be resonant if

lim Es (C;7.f) = +oo; 112
5o 8 Cii oo (1.12)
and it is said to be weakly resonant if
lim sup E; (CX ﬁ, f) = foo. (1.13)
§—>+40 ’

1.2 Main results and connection to existing studies

As mentioned earlier in defining the elastic tensor Cx’ﬁ, the plasmon constant ¢ will be
negatively valued. Hence, in the limiting case as the loss parameter § goes to zero, the
corresponding PDO L3 5 loses its ellipticity. In this limiting case, the non-elliptic PDO
L3, 7 possesses an infinite dimensional kernel space. Hence, “anomalous” resonance will be
induced by such an infinite dimensional kernel, which is generally referred to as plasmon
resonance in the literature. It is not surprising that the resonant field demonstrates a highly
oscillatory behaviour, reflected by the blowup of the associated energy; see Definition 1.1.
It is rather surprising that such a blowup behaviour is localized within a specific region
with a sharp boundary not defined by any discontinuities in the material parameters, and the
field outside that region converges to a smooth one as é goes to zero. Another surprisingly
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interesting feature of the plasmon resonance is that it strongly depends on the location of the
forcing source.

Plasmon materials, a.k.a. negative materials, have received significant attentions in the
literature in recent years, especially in the optics. The associated plasmon resonances can
find many striking applications in science and technology such as invisibility cloaking and
imaging resolution enhancement. We refer to [1-3,7,10-12,15,19,21-27] for the relevant
study in electrostatics, [4,5,9,13] for acoustic waves and [6] for electromagnetic waves. In
recent two papers [8, 18], the plasmon resonance was investigated for the elastostatic system
(1.3)—~(1.6) in R. Briefly summarizing, it has been shown in [8, 18] that in R2, when ¢ in (1.4)
is a suitable negative constant being fixed, then for a broad class of forcing terms, resonance
occurs. Both in [8] and [18], the dependence of the plasmon resonance on the location of the
source has been shown. In [8], the localized and cloaking effects of the plasmon resonance
have been derived. In this paper, we shall generalize and extend the relevant two-dimensional
study to the much more challenging three-dimensional case. In summary, the following results
have been achieved in the present paper.

(1) The plasmon resonance is critically associated with the non-trivial kernel of the non-
elliptic PDO L3 7 in the limiting case. Hence, the proper choice of the plasmon constant
c in (1.4) such that £1 i with § = 0 possesses an infinite dimensional kernel is critical
for the occurrence of the plasmon resonance. In [8, 18], the plasmon constant is a fixed
negative constant, and it is derived based on the investigation of the spectral properties
of the corresponding Neumman—Poincaré operator in solving the underlying elastostatic
system in R2: see Remark 3.2 for more relevant discussion. Indeed, this is the main
tool in deriving the critical plasmon constant in most of the literature mentioned earlier
in the optical case. However, the spectral properties of the corresponding Neumann—
Poincaré operator for the elastostatic system in R? are not yet known. In Sect. 3, based
on certain purely analysis means, we derive all the possible plasmon constants as well
as the associated infinite dimensional kernels of the PDO L3 ; in the limiting case with
6 = 0. This also casts light on the corresponding investigation of the spectral properties
of the Neumann—Poincaré operator for the elastostatic system in R3.

(2) For a very broad class of forcing terms, it is shown that resonance does not occur for
the plasmonic device (1.3)—(1.4) with a fixed constant ¢, which particularly includes the
one considered in [8, 18] for the elastostatic system in RZ. That is, the plasmonic device
which induces resonance in R? does not induce resonance in R.

(3) By properly choosing the plasmon constant ¢, varying according to the forcing source
or the loss parameter §, we construct two novel plasmon devices, one with a core and
the other without a core. If there is no core, we show that resonance always occurs,
whereas if the core is non-empty and of an arbitrary shape, we show that there exists a
critical radius such that resonance occurs when the source lies within the critical radius,
whereas resonance does not occur when the source lies outside the critical radius. Our
argument follows the general variational strategy pioneered in [15] for dealing with
plasmon resonances in electrostatics. The variational approach was further followed in
[18] for two-dimensional plasmon resonances in elastostatics. Similar to [15] and [18],
for the three-dimensional elastostatics considered in the present article, we can only
show the resonance and non-resonance results, and we cannot deal with the localized
and cloaking effects.

Finally, we mention in passing that the existence of exotic elastic materials with negative
stiffness was reported in the physical literature; see [14] and [17].
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The rest of the paper is organized as follows. In Sect. 2, we provide some preliminary
knowledge including the variational principles and the spherical harmonic representations for
the elastostatic system. In Sect. 3, we derive the plasmon constants and construct the perfect
plasmon elastic waves. Section 4 is devoted to the resonance and non-resonance results. The
paper is concluded in Sect. 5.

2 Preliminaries for the elastostatic system

In this section, we collect some preliminary knowledge for the elastostatic system (1.6),
including the variational principles and the spherical harmonic representations. Throughout
the paper, we assume that the force term f = (f,')?:1 € H~'(R3)? in (1.6) with a compact
support and a zero average in the sense that

(fi,1)=0, i=1,2,3, 2.1

where 1 : R3 — R is the constant function, 1(x) = 1forall x € R3. In what follows, we
let Bg with R € R, denote a central ball of radius R in R3. Without loss of generality, we
assume that there exists Ry € R4 such that supp(f) C Bg, . In the subsequent study, we shall
also need the following Banach space

Si= {u e H. (®3)3; Vue L2R)>3 and / u= 0}, 2.2)

Bg,
endowed with the Sobolev norm for u = (u i)zN= 15
N 1/2
lulls == / > IVuil*dv +/ luf*av ) . (23)
RYS3 Bry

2.1 Variational principles
For self-containedness, we present the primal and dual variational principles for the elasto-
static system (1.6), which were established in [18] (see also [15]) and shall play a critical

role in our subsequent plasmon resonance study. For a fixed force term f € H~!(R?)3 and
for the solution us € H,. (R%)? : R® — C*in (1.6), we set

1
us = vs + igw,s, 24)

where vs, ws € H! (R})? : R® — R3 satisfying vs = O(|lx[~!) and ws = O(||x||7!) as
|lx|| = +o00. One has

LoauaVs — Ly uWs = f, 2.5)
LoguaWs +87Lauvs =0, 2.6)

where
(ea(x), a(x) =AM (A, ), xR, 2.7

with A given in (1.4), and A, u two regular Lamé constants in (1.3). Furthermore, there holds
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1118 H. Li, H. Liu

8
Es (u5) =E (Cr 7 f) = S P (5, u5)

2
) 1
= EPA,M (vs, vs) + 5PA,M (Ws, Ws) , (2.8)

where Ej is given in (1.11) and P;,_,, is given in (1.9).
Next, we introduce the following energy functionals

Is (v, w) := gPA,M (v,v) + %PA,M (w,w) for (v,w)eS xS, 2.9)
8 8
Js (v, ¥) = /R3 f-y— EPA’“ (v,v) — EPA’” ¥, ¥) for (v,¢¥) e S xS, (2.10)

and consider the following optimization problems:
Minimize Is (v, w) over all pairs (v,w) € S X S
subject to the PDE constraint £ , ,,v — Ly ,w = f; (2.11)

and

Maximize Js(v, ¥) over all pairs (v, ¥) € S x S
subject to the PDE constraint £, ., ¥ +8L;, ,v = 0. (2.12)

In the sequel, we shall refer to (2.11) and (2.12), respectively, as the primal and dual variational
problems for the elastostatic system (1.6), or equivalently (2.5)—(2.6).
We have the following variational principles from [18].

Theorem 2.1 There holds the primal variational principle that the problem (2.11) is equiv-
alent to the elastic problem (1.6) in the following sense. The infimum

inf {TIs(v, W); Loy sV — LW =f}

is attainable at a pair (vs, ws) € S x S. The minimizing pair (vs, Ws) verifies that the
function ug :=vs + 18~ 'wj is the unique solution to the elastic problem (1.6), and moreover,
one has

Es(us) = Is(vs, ws). (2.13)

Similarly, there holds the dual variational principle that the problem (2.12) is equivalent
to the elastic problem (1.6) in the following sense. The supremum

sup {Js(V, ¥); Loy uu ¥ + L5 v = 0}

is attainable at a pair (Vs, ¥s) € S x S. The maximizing pair (Vs, ¥s) verifies that the
Sunctionus :=vs +1y 5 is the unique solution to the elastic problem (1.6), and moreover, one
has

Es(us) = J5(vs, ¥s). (2.14)

2.2 Spherical harmonic representations

For the subsequent use, we present some results on the spherical harmonic representations
to the solutions of the following Lamé equations

Lygu:=pu+ A+ uw)VV. -u=0. (2.15)
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We also refer to [20] for more relevant discussion. The solution u to (2.15) is called forego-
ing/outgoing if it decays as follows

u@) =0 (IxI71) as x| — +oc. (2.16)

In the sequel, for x € R3\{0}, we make use of the spherical coordinates

x=(x;)j_;=r-% with r = x| and £ =r""-x.

Forn e N,welet Y, (x)(m =n,n—1,...,1,0, ..., —n+ 1, —n) denote the orthonormal-
ized Laplace spherical harmonic polynomial of degree n and order m. In what follows, we
set Y, (X) to be the vector of size 2n — 1,

Y (%)
Y, (X) = : ; (2.17)
Yn_n (55)

. . ‘; Dx; .
and introduce the matrices DZ:’I and DS,H ) , 1 < j <3, tobe such that

. [ Y, ()] = DY " Ya () (2.18)
J
and 5
S Y@ =D Y ). (2.19)
J

We also introduce a coefficient matrix G” of size 3 x (2n + 1) as follows

n n—1 —n+1 —n
a, a, .o.oay a,
G'=|b bt byt b | (2.20)
n n—1 —n+1 —n
C}’l cn c}’l cn

where a,{, bf; and cf;, —n < j < n are all complex numbers. We use G;f L1 <j =<3t
denote the j-th row of the matrix G”; that is, e.g.

Gl.=[ala™" .. ay"™ a;"]. (2.21)
The general form of a foregoing solution to (2.15) can be written as

1 (n+2)x)
tn+] Dn+]

e.¢]
W) =D G Y, R) + k|t DU Y 0(E), (2.22)
" th,, Dy
where
= b , (2.23)
2(n+2)A+ Bn+5)w)
and
th =G} DUtHT 4 G4 Dt + GE DD, (2.24)

The general form of an entire solution to (2.15) can be expressed as
3 (n=2)
00 tn—]]:)n”—] “
u(x) =D G'rY,(®) - M, | £ DYDY, (2.25)
n=1

3 (n—2)x3
tnf 1 anl
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1120 H. Li, H. Liu

where .
M, = e , (2.26)
2((n — DA+ Bn —2)u)

and
t =G} DYDY 4 G5 DYV 4+ Gf DYDB, (2.27)

For a solution u to (2.15) inside a ball Bg, if the surface displacement is prescribed on
dBg, say
Ay
u(Rx) = | B, | Y, (), (2.28)
Cy

where A,,, B,,, C, are the coefficient vectors of size 2n + 1, then by straightforward (though
a bit tedious) calculations, one has that

t2, D™
o | Ay n 2 2 n+1""n+1
r R —r 2 v oo
ux) = (lé,, o Yot Mo —o | 6 D) | Y (D), (2.29)
= 2 3
LG €.
where | it
%
Mo = , (2.30)
2m+ DA+ GBn+dHu
and 1 1 1
2, :=A, oD + B, D" 4 €, DS (2.31)
On the other hand, if the surface traction is prescribed on d Bg, say
/
u R A7 .
(Rx) = | B, | Ya(), (2.32)
avk,u C
n

where A;, B;,, C;l are the coefficient vectors of size 2n + 1, then by straightforward cal-
culations, one can show that the solution ui 1n51de Bp is still given by (2.29), but with the
coefficients (A,, B,, C,) replaced by (An, . ,1) as follows
~ R ,
Ae= o (A + Dl + 60
= R
n—1p
= R
(n—1Dn

(B + 5,002 + 5t Zfl)

(Co+sitiD), + 26005 ) (2.33)

where
t} .= A,DIDM 4 B DD 4 ¢, DD,
£ = A’HDSIn-H)xI +B;,D§,"+1)X2+C;,D§ln+l)x3’ (2.34)
and
1. En

" n—14nC2n+ DE,’

1
§2 = (2.35)
2n(2n 4+ 1)
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with
1 m+2)A—m—-3)u

n = . (2.36)
2n+1m—DA+GBn—-2)u
3 Perfect plasmon elastic waves
Let us consider the following elastostatic system for ¢ € Hllo . R33:R3 = 3,
Logua¥ =0,
Vi-=¥l+, v, VI-=0,, VI+ on IBg, (3.1)
Y0 =0(xII™h as x| — oo,
where
) <R,
Ay =16 Ixl= (3.2)
+1, |x|| > R.

Clearly, if c is a positive constant, then by the well-posedness of the elastostatic system (3.1),
one must have that ¥ = 0. We seek non-trivial solutions to (3.1) when ¢ is allowed to be
negative valued. Those non-trivial solutions are referred to as the perfect plasmon elastic
waves, and in combination with the variational principles in Theorem 2.1, they shall be
crucial for our subsequent establishment of the plasmon resonances for (1.3)-(1.6) in R3.
Indeed, we have

Theorem 3.1 Consider the PDE system (3.1)-(3.2) for a function ¥ € Hlloc(]l@)3
R} > R3. Letn e Nandn > 2 be fixed and set

3
S R
&1 1

_@n+2) (= D+ Gn—2)p)

= T sttt — i
(2n® 4+ 4n + 3)A + 2n* +6n +6)u
£ == (3.3)
2n ((n+2)A + Bn+35)w)
Then, if
Cc = ;‘l’ (34)

. . . ™ 1 333 .
there exists a non-trivial solution y = ¥, , € H,;, .(R”) as follows:

GraknY, (8),  r <R, s
Gk ETILY, (R), r > R, '

Vi) = [

with G50k kb =1,2. ..., 2n+ 1, satisfying
tl., =0 and £_, =0, (3.6)

where t,]l 41 and t;_l are, respectively, defined in (2.24) and (2.27) with Gﬁ: replaced by
G i =1,2,3.
If
Cc = 4‘2’ (37)
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there exists a non-trivial solution § = ¢, € H! (R®)?3 as follows:

loc
3 (n—2)
tnlennfl .
3= |G @) = M~ R €D Y, (), r <R,
mk )= £ pi-2m
- n—1"n—1
Gn,fz,k [inJrl Yi’l(£)7 r > R7
(3.8)
with G"52% k=1,2,...,2n—1, satisfying
tiy1 =0 and t,_; #0, (3.9)

where t,]l 41 and tfl_l are, respectively, defined in (2.24) and (2.27) with Gﬁ: replaced by
G2 i=1,2,3.
If
c=10, (3.10)

there exists a non-trivial solution § = ¢, € Hch(R3)3 as follows:

G kY, (2), r <R,
- tl D(’H‘z)xl
Y, i(x) = 241 . n+l “ntl 241 .
" G LT @) + k(7 = R |t D | e Yon(B), 7> R,
1 (n+2)x
t11+1Dn+1 ’
(3.11)
with Gk k=1,2,...,2n +3, satisfying
th #0 and t£_, =0, (3.12)

where t}l 41 and tﬁ_l are, respectively, defined in (2.24) and (2.27) with G} . replaced by
G i=1,2,3

By Theorem 3.1, we find a series of perfect plasmon waves, ;/;Vl,k’ n=273,4,..., and
these are actually resonant modes for our subsequent use in Sect. 4. The form of the plasmon
constant ¢ in (3.4) is critical for the existence of the perfect plasmon waves (3.5). With the
explicit forms of the plasmon constant in (3.4) and the perfect plasmon wave in (3.5), one can
verify by direct calculations that ¢, € HIIOC(IE@)3 and satisfies the PDE system (3.1)—(3.2).
Nevertheless, in what follows, we shall give a proof of Theorem 3.1, starting from the most
general construction of perfect plasmon waves for the PDE system (3.1)—(3.2). The general
idea is that we represent the solution inside Bg and outside Bg, respectively, by the spherical
harmonic expansions (2.25) and (2.22). Then, with the help of our discussion in (2.28)—
(2.36), we match the surface displacement and traction of the elastic field on the sphere 0 Bg.
Throughout this trial process, we leave the plasmon constant c as a free parameter. It turns out
that (3.3) gives all the possibilities that one can determine non-trivial solutions of the forms,
(3.5)-(3.6), (3.8)—(3.9) and (3.11)—(3.12), respectively. That is, we actually have found all
the possible plasmon resonances in R3 for the elastostatic system (1.3)—(1.6).
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Proof of Theorem 3.1 First, by (2.22), we represent the solution ¥ outside Bg by the fol-
lowing harmonic expansion,

D('H'Q)xl
u® 00 n+1 n+1
v | =D G T I, (R) k| 8 HD%QW r Y (), (3.13)
w? n=1 pt2x
n+1 n+1

where G" is a coefficient matrix of size 3 x 2n + 1, and k,,, té 4 are given in (2.23), (2.24),
respectively. Here and also in what follows, if the superscript of G" is non-positive, we set
the matrix to be identically zero.
Then, by (3.13), one readily has that the displacement of the solution ¥ on d By is given
by
Ay
Y(Rx) = | B, | Ya(%), (3.14)
Cu
with . - .
Ay =Gl /R 4 kyaty DY /R,
B, = G} /R"™ +k, ot} D) /R, (3.15)
C,=Gj /R™ +ky ot} D /R

n—1

By using our argument in (2.28)—(2.31), one has from (3.15) that the solution ¥ inside
Bp is given by

; tz an1
u' ~ | A, o R2 _ 2 | mHlTnl
v = Z B, ﬁYn(f) + MHQW o DL [ 7Y (), (3.16)
w' | =1 [ Cy 2., D
n+1""n+1

where M,y and tﬁH are given in (2.30) and (2.31), respectively.

Next, we consider the traction on the sphere d Bg. Using (3.13) and by direct calculations,
the traction on the sphere d Bg of the solution ¥ outside the sphere Bg has the following
representation:

oY R .
. (R%) =D | B, | Ya(®), (3.17)
AAsILA n=1 Cln
where
Ay = (It DL3 +ma R DY 4 2l t) DY 4+ G i(—n = 2) ) 1l
B, = (It D)2 +ma R D 4 5ty DI+ Go(—n = 2)) it
C, = (Inty D)) +ma Rt DY + ) DI+ Ga(—n = 2) ) i,
(3.18)
with
2\ 2(—n —2 2
b= LD , (3.19)
A4 2n+3 2n+3)2n+1)
=2\ dn(n — 1) 1
my = - kn—p — -—, (3.20)
tn | 2n—1 -1
ti1 = G{ D™V 4+ G DD + G5 D, (3.21)
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By the transmission condition, the traction of the solution ¥ inside the ball Bg should also
be given by

i (A/n’ B,. C;) Y, (3), (3.22)

n=1

which, with the help of our argument in (2.32)—(2.36) and along with straightforward (though
lengthy and tedious) calculations, can determine the solution ¥ inside Bg of the same form
as (3.16), but with the coefficients (A,, B,, C,), replaced by (A,,, B,, C,,), n>2,as

A, = 7(}1 Den (A +sntj‘LDZx|l +s2t5DZfr'])
B, = 4= 1)¢M (B + st D + it Zf]) (3.23)
C, = 7@ e (C +s1tiDI + 526D Z)rl)
where
t, =AD" 4+ B, DD 4 C, DI, (324)
2 = A DUDN LB pirthe o ¢ pithes (3.25)
E
Sy = . : (3.26)
n—14+n2n+ 1)E,
2 1
Sn = 3 A L (327)
2n(2n + 1)
and

1 nm+2D)r—m-3)u
2n+1m—Dr+Gn=2u

(3.28)

n =

In particular, we note here that when n = 1, (Kl , ﬁl, 61) is the solution to the following
system of equations:

[ —E1(A;DY" +B{DJ + C,D"*)Dy"

— (AiD7" + BiD + C/DT) DY /3 = RA) /(e
—E1(A D) +B;D + C;D)*)Dy>

— (AiD7 + By} + CiD}™) D}/3 = RB /(cw),
—E;(A;DY"" + B;DY + C; D)D"

— (&iDP + By} + CiD}™) D}* /3 = RC,/(cp).

(3.29)

Equation (3.29) is useless in our subsequent discussion, and we simply set the coefficient
matrix to be identically zero, namely G! = 0. Next, we consider the situation when n > 2.
It is seen from our earlier arguments that we have two expressions of the solution ¥ inside
Bp. For consistency, one must have

A=A, B,=B, C,=C,, n=2, (3.30)
where (A,, B,, C,;) and (X,,, B,. (~?n) are given in (3.15) and (3.23), respectively.
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We have from A, = A,, in (3.30) that:

G" (n+2) 1
(G’f, + ) + kn oty Dy /R

cn—1) J R+l

1
(mnR%;_l (D, 4 s)siD, 4 255D )

e — DR jarh
thy (b — (n+ 2)s5)Dz)j_ll + 1,15352])2111 +1,sis D)
t
S+ sist— @n 4+ D +2)sHDM, + s’%sfl])Z’jrll))’ (331)
where

s, = D) DYDY 4 D2 DI 4 DR DD,

Si = Dz)ilnglnfl)m + DZJiZIDglnfl)xz + Dz)legln,l)M’

SZ = D:TID,([’H)’” + D:ff1 ])l(1”+1)X2 + Dzﬁisl Dfln+l)x3,

SS = D:)_‘;_llDlgnJrl)x] + D:Jj_lel(anrl)xz + D:)_cleﬁanrl)x}. (3.32)

The other two equations in (3.30), namely B, = ﬁ,, and C, = E,,, yield similar relations
to (3.31)=(3.32), by replacing G _, DZ)-Cs-ll’ D)™, successively by 5o DZ)_?I, D)™ and G,
DZfl R D:)fl . Putting these three equations together, we can get the final system of equations
as follows

[G]. G5 G |H=0. (3.33)

By direct calculation, the eigenvalues of the matrix H are

’
1
;l = Cn,}L,M (C - (1) s

Go=c =0,

G=cpc—103). (3.34)
where
. n+ 2
L=
6 = _(2n +2)((n — DA+ (Bn —2)p)
T T DA+ Q4 2nin—
£ = 2n? 4+ 4n +3)r + 2n> +6n+6)u (3.35)
3= 21((n+2A+Gn+5p) '
and crll’ o crll’ " and CI]L 5., Are nonzero constants which depend on n, A and w. Moreover,

the multiplicities of the eigenvalues {{, {2/ and ;“3’ are, respectively, 2n + 1, 2n — 1 and
2n + 3. Furthermore, the numbers of linearly independent eigenfunctions associated with the
eigenvalues g“l/, {2/ and 43/ are, respectively, 2n+ 1, 2n — 1 and 2n + 3 and these eigenfunctions
are orthogonal.
By setting
c=1¢, (3.36)
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and solving Eq. (3.33), one can obtain the corresponding 21 + 1 solutions, namely G™¢1:,
k=1,2,...,2n + 1. By direct calculations, these solutions satisfy

tl., =0 t_ =0 (3.37)

Therefore, the corresponding perfect plasmon elastic waves are

;p\ (x) Gn’gl’kr”Yn(f)y r <R, (3.38)
X) = . .
e Gk LY, R),  r> R
Next, by setting
c= 0, (3.39)
and solving Eq. (3.33), one can obtain the corresponding 2n — 1 solutions, namely G”-%2-%,
k=1,2,...,2n — 1. By direct calculations, these solutions satisfy
thy =0 t_ #0. (3.40)

Therefore, the corresponding perfect plasmon elastic waves are

Gn,{z,krnYn ()2)
3 =2
tn—ll)n—l :

Yok = 1 =M, =R | €_ DV 22 | r2Y,0(%). r<R (341
3 (n=2)
- tnlennfl .
Gk Ry, (8), r>R.
Finally, by setting

c =13, (3.42)
and solving Eq. (3.33), one can obtain the corresponding 21 + 3 solutions, namely G™¢3K,

k=1,2,...,2n + 3. By direct calculations, these solutions satisfy
th #0, £ =0 (3.43)

Therefore, the corresponding perfect plasmon elastic waves are

G"6:kpny,, (2), r <R,
2n+1 ~
Gésk Iin+1 Y, ()
- 2
Voi(x) = t31+1DflT12)x‘ (3.44)
+tha(r? = R2) | th DU | 3Y, (), > R
1 (n+2)x
tn—',—an-H ’
The proof is complete. o

Remark 3.1 For the coefficient matrices given in (3.5)—(3.6), (3.8)—(3.9) and (3.11)—(3.12),
one can verify that there holds the following orthogonality relation,

GrEki L gntike =0, if i £ j, or i=j ki #ka, (3.45)

where we recall that the operator : between two matrices is defined in (1.10). Thus, from the
last equation, one has that

/ G"RY,(R) - GMERY,(R) = 0, (3.46)
9B,
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ifi # j,ori = j, ki # kp. Throughout our subsequent study, we normalize Gmsi-k,
i =1,2,3, such that
Gk Gtk =1, (3.47)

and then, one can show that

/ G"EKY, (R) - GMEKY, () = GMEk  Grak = 1. (3.48)
dB]

Remark 3.2 By the strong convexity condition (1.2), one can readily verify that ;,i = 1,2, 3
defined in (3.3) are all negatively valued. The choice of those plasmon constants is crucial
for the existence of the perfect plasmon waves. In [8,18], the plasmon constant and the
corresponding perfect plasmon waves are determined by use of the spectral properties of the
associated Neumann—Poincaré operator as follows. Let the Kelvin matrix of the fundamental
solution & = (dDij)N to the PDO L, , be given by (cf. [16])

ij=1
ziai, In x| — 2£ ﬁc’)ﬂfz when N =2,
T T (| X
Diji(x) = a 8 B xix; (3.49)
- - — 3 when N =3,
d |lx|| - 4w x|l

where

1 /1 1 1/1 1
a=-—+ and B=—-|—— ,
2\p 2u+A 2\pn 2u+A

and x = (xi)lN 1 € RY and §; ; 1s the Kronecker delta. We seek a solution to (3.1) using the

integral ansatz as a single-layer potential as follows
¥ =S[pl(x):= / (x — y)p(y)ds(y) x € R?, (3.50)
3Bgr

where ¢ € H~'/2(dBg)N. There holds the following jump relationship of the conormal
derivative of the single-layer potential in (3.50),

9 1
Slel|, = (171 +K*) [p] on 3Bg, (3.51)
81’)%.[“ 2
where 5
K*[g] = p.v. / - OIS, v B ()
8BR v)\A,/,LA (X)

and p.v. stands for the Cauchy principle value. Using the transmission condition across d Bg
for ¥ (see (3.1)), along with the help of (3.51), one can show that
c+1

K'[¢] = m(o- (3.53)

Hence, in order to find a non-trivial solution ¥ in (3.50), % should belong to the

spectral set of the Neumann—Poincaré operator K*. The spectral properties of K* in the
two-dimensional case are now known by the study in [8], but the three-dimensional case
is not yet understood. Clearly, by Theorem 3.1, one may be able to derive the eigenvalues
and the corresponding eigenfunctions for this Neumann—Poincaré operator K* in the 3D
spherical geometry.
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In the next section, we shall apply the non-trivial solutions an « in Theorem 3.1 as trial
functions to the primal and dual variational principles in Theorem 2.1 to establish the reso-
nance and non-resonance results. In the variational principles, the trial functions are all real
valued, but the solutions ¢n’ « found in Theorem 3.1 are all complex valued. Nevertheless,
we would like to point out that clearly the real-valued functions ER;/I\”, x and %;ﬁ\n ¢ are all
solutions to (3.1).

4 Plasmon resonances for the elastostatic system

With the preparations in Sects. 2 and 3, we are in a position to consider the anomalous
localized resonance for a plasmonic device of the form (1.3)—(1.4), associated with the
elastostatic system (1.6). Henceforth, we assume that the force term f(x) is a real-valued
distributional functional of the following form

f =FH?|0B,, F:0B, - R, FelL*@B,)> qcRy, 4.1)

and
/ FdH?> =0. 4.2)
8B,

Next, we give the Fourier series expression of the force term f specified in (4.1) and (4.2),
which can be represented as follows

e’} 2n+1 2n—1 2n+3
f= Z(Z Yna kG Dy kG Y yn,;g,kG”’“k)f,? SR

n=1 \ k=1 k=1 k=1

where
f] = Y, H*|9B,,

Yok = / £(g2) - GREFY, (R)ds(£), (4.4)
dB

and G™%k | =1,2,3 are given in Theorem 3.1.

Throughout the rest of the paper, we assume that Ghék =0,i =1,2,3. Finally, we
let the exterior domain 2 for the plasmonic structure (1.4) be taken to be Br with a fixed
ReRiand R <gq.

4.1 Non-resonance result

We first show that the plasmonic device considered in [18] that is resonant in R? does not
induce resonance in R3, which necessitates our subsequent design of novel plasmonic devices
in Sects. 4.2 and 4.3 for the occurrence of resonances.
Theorem 4.1 Consider the elastic configuration (CX, s f), where CX, s described in (1.3)—
(1.4) with ¥ = By, Q = By, and c being a negative-valued constant. Let f be given in (4.3)
With yu ;. x = 0, i = 2, 3. Then, there is no resonance.

Proof We make use primal variational principle in Theorem 2.1 to prove the non-resonance

by finding suitable test functions (vs, ws) satisfying £, ., Vs — L3, Ws =fin (2.11) such
that Is (vs, ws) remains bounded as § — 0.
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Forn € N, we set

Gmirkpny,, x| < 1,
- e1GM Y, eGP E a1 < x| <7,
Vik =] e3Gnakpny, 4+ g, GMék X, re<lxl=q. (45)
oGk Xa q < Ixl.
where
n—1+cn+2)
Y i N
(c=Dmr -1
2T o+
= D*n?+n -2+ Q+cth— ) +n)n—1+4c@n+2))r2!
= c(1 + 2n)2r2m+! ,
—(c— D —D(cn+2)+n—DE2* —1)
“= cQn 1) ’
—(c—=D(n—-D@n—1+chm+2) -1
= cn+ 1) +
P (== D22 +n =, M+ 2+ cin— D) +n)(—1+n+c(n+2)

c2n + 1)2

By direct calculations, one can show that v, ; defined above is continuous over R3? and
satisfies
LiyuaVak =0 x e R*\3B,. (4.6)

On 0By, V. has a conormal derivative:

o
Yk epGikY,,, @7

3IJ)L,M

where jf—j is defined in (1.8) and

G D2m24+n—2)—(n+2+ctn—1)(n—1+cn+2)r2ntt gn

. 438
“ c@n+ g it (48)
Therefore, by setting
Tnk = Ynk/€6, (4.9)
one can readily verify that
L)LA,M,A (fn,kvn,k) = yn,an’glkan- (410)
Hence, by letting
Vs = D TukVnks @.11)
n,k
we have
Ly, uavs =Ff in R (4.12)

Therefore, if we set wg = 0, then (vg, ws) satisfies the PDE constraint in (2.11).

@ Springer



1130 H. Li, H. Liu

Finally, by the primal variational principle in Theorem 2.1, we can deduce the following
estimate:

)
Es(us) < Is(vs, ws) = Is(vs, 0) = EPA,M(V& vs)

2n
<503 Gk G g < 5C S m||F||iz(33q)

n,k n
2
=< 8C”F”L2(33q)~ (413)
That is, there is no resonance and the proof is complete. O

By Theorem 4.1, if the negative plasmon constant c is fixed, then there is no resonance
occurring. In [8,18], two-dimensional plasmon resonances are shown to occur for plasmonic
devices with a fixed negative plasmon constant being ¢ = —1. The major difference between
the studies in [8] and [18] is that the loss parameter § only exists in the plasmonic layer
in [8], whereas the loss parameter exists in the whole space in [18]. In Theorem 4.1, we
have assumed that the loss parameter exists in the whole space. Nevertheless, it might be
unobjectionable to claim that resonance does not occur even if the loss parameter only exists
in the plasmonic layer. In Theorem 4.2 in what follows, we shall show that if the core ¥ in
Theorem 4.1 is taken to be an empty set, one can properly choose a negative-valued plasmon
constant, depending on the force term f, such that resonance occurs.

4.2 Resonance with no core

In this section, we shall construct a novel plasmonic device without a core, namely ¥ = @,
which ensures that resonance can always occur.

Theorem 4.2 Let f be given by (4.3), with yug,¢; x # 0 for some ng € Nand 1 <i <3,
representing the force supported at a distance g > R. Consider the elastic configuration
(Cx’ﬁ, f), where CX,,Z is described in (1.3)—(1.4) with ¢ = ¢;, given in (3.3), n = ng and
Q = Bg. Assume that there is no core; that is, ¥ = (. Then, the configuration is resonant,
ie. E(;(C;ﬁ, f) > +o0as § — +0.

Proof In what follows, we only give the proof of the situation when yy ¢,  # 0, and when
Vio.to.k 7 00T Vg c3.k # 0, the discussion is similar.

We make use of the dual variational principle for its proof. Fix the radii R, ¢ and consider
an arbitrary sequence § = §; — +0as j — +o0c. Our aim is to find a sequence (vs, ¥s),
satisfying the constraint £, , ,,,¥s + 6L; Vs = 0 of (2.12) and such that Js(vs, ¥5) —
~+00.

Since Yy, ¢,k 7 0, we first assume that Ry, ¢, x 7 0 and choose

vs = 0, (4.14)
Vs = 5RY 1 (4.15)

where ;ﬁ\no’k is given by (3.5) and 75 € R satisfies Ryy,¢,.4 - Ts > 0 and will be further
chosen below. Thus, the pair (vs, ¥5) satisfies the PDE constraint in (2.12). With the help
of the dual variational principle in Theorem 2.1, the definition of Js, the orthogonality of
Fourier series and yy ¢,k # 0 for some ny € N, we can obtain
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)
Es(us) > Js(vs, ¥5) = J5(0, ¥5) = /f Y5 — EPK,M(wﬁv ¥s)

_ P ) -~ -~
=%/3 VYno,¢1,k T84 nORznO (Gno’a‘kYn() . G"O;f]»kYnO) - §|T(3|2P)L,M (V’no’ wno)
Bq

= Cots — C1(8]ws1?). (4.16)

Here and also in what follows, C and C are two generic constants depending on G"0-¢1°%,
Yno,c1,k» ¢ and R and may change from one inequality/equality to another.
Choosing 75 — oowith6|r5|2 — +0asé — +0, we obtain Es(us) — +ocofor§ — +0.
Next, if Sypg.c; .k # 0, by setting

vs=0 and Vs = 539, 4 (4.17)

and using a similar argument as before, one can show that resonance occurs.
The proof is complete. O

4.3 Resonance with a core of an arbitrary shape

In this section, we consider a non-radial geometry with a non-empty core, ¥ C Bj, of an
arbitrary shape. We shall show that resonance or non-resonance of the configuration strongly
depends on the location of the force term f.

Theorem 4.3 Consider the elastic configuration (Cxﬁ, f), where Ci,ﬁ is described in (1.3)—
(1.4) with Q = Bp for a certain R > 1 and ¥ C By with a connected Lipschitz boundary
0X. Furthermore, let ng be the smallest integer such that

R <3, (4.18)

andc = g, 1 <i <3, where ¢ is givenin (3.3) withn = ngs. Consider the elastostatic system
(1.6), with CI,ﬁ described above. Then, for the source f of the form (4.3) with y, ¢, x # 0
only, namely yn,¢; .k =0, j # i, and supported at a distance q from the origin with R < q <
R*:= R32, the configuration (Cx’ﬁ, f) is resonant.

Proof In what follows, we only give the proof when ¢ = ¢; with

oo /2n+l1
f= Z(z yn,;l,kG"’flvk)f,Z, (4.19)
k=1

n=1

and when ¢ = ¢, or ¢ = {3, the corresponding discussion is similar

We fix R < ¢ < R* and a sequence § = §; — +0 and consider a force term f given by
(4.19). Our aim is to find a sequence (vs, ¥), satisfying the PDE constraint £y, ,,,¥s +
8L, vs = 01in (2.12) and such that Js(vs, ¥5) — +00.

First, we choose

Vs =RV, 4 (4.20)

where %n 5.k 18 given by (3.5). The number 75 € R will be properly chosen below. For ¢4,
it is apparent that £, , ., ¥5 7 0 along the core interface % C Bj. In order to satisfy the
PDE constraint, we define v; to be the solution of —6L; ;,vs = L5, u,¥s- Since —L;, , is
an elliptic PDO, by the standard elliptic estimates one can atrive at the following estimate:

— 2 —
8Py (s, V8) < Co8 ™" [ Layua®¥s | y-1mayp < Cod™'z5ms. (4.21)
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It remains to calculate the energy Js(vs, ¥5). Since ns is the smallest integer fulfilling
(4.18), one clearly has that R~"+! > §. With the help of the dual variational principle in
Theorem 2.1, we have

1)
Es(us) > Js (vs, ¥s) = /f ¥s — P,\ Vs, vs) — P,\,;L (V5. ¥5)
> (Coiﬁyng,;],kr(gq_”“Rzn“ Ccy871 1.'5 ns — C181'52n5R2”5)
(Gna@l,k . Gng,gl,k) > 5 R™ (Gna-Clgk . Gng.{l,k)

R\™ 1
(Comyné,gl,k (;) - C GR™) tsng — Crtsng ((SR"S) ) (4.22)

The choice of R < § with 1 < §R" < R ensures that the last two contributions are of
comparable order. We then find, for some C| > 0,

R\"™
Es(us) > t5R™ (COmVng,g‘l,k (g) - Clrana) . (4.23)

We choose 15 to be

1 R\™
= Co =) . 424
Ts 2C]I’l(§ 0 Vn,;,;l,k (q) ( )

and then, from (4.23) and (4.24) we readily have that

el R\" 1 R3\™
ES(“S)ETSR‘S(ECO%VnS,Q,k (E) ) iCon (COSRVn(; ¢, 0? (q) . (425)

By the assumption, ¢ < R* and if the sequence of the Fourier coefficients y, ¢ x of the
force term f decays not very quickly (ensuring that the RHS term of (4.25) goes to infinity
as § — +0), we easily see from (4.25) that Es(us) — +oo as § — +0.

Finally, by setting

1/’5 = ta:“/’na,k’ (426)
in (4.20), and using an analogous argument as above, one can arrive at a similar conclusion.
The proof is complete. O

4.4 Non-resonance in the radial case

In Sect. 4.3, we show that for certain source terms lying within the critical radius R*, resonance
occurs. In this section, we shall show that if the source term lies outside the critical radius, then
resonance does not occur. To that end, we would consider our study in the radial geometry
by assuming that the core ¥ = Bj.

Theorem 4.4 Consider the elastic configuration (C)L =, ), where C5 ; TS described in (1.3)—
(1.4) with ¢ = ¢ and, 2 = Bg for a certain R > 1 and Y = Bj. Consider the elastostatic
system (1.6), with C/\,;I describe above. Let the source £ be given by (4.3) with v, ¢; x = 0,
i = 2,3, and be supported at a distance q with ¢ > R*:= R3/?; then, the configuration
(G i f) is non-resonant.

Proof We make use of the primal variational principle to show the non-resonance result. We
shall construct test functions (v, ws), satisfying the constraint
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Loyua¥Vs — Lyuws =1f 4.27)

such that the energy along this sequence Is(vs, ws) remains bounded as § — +0.

Let vs be of the form:
Vo= D D (Vaunk + Vouns k) (4.28)

n#ns k
where vs , k. 1 # ngs, satisfies
LinuaVonk = Yno kGVUHED in R, (4.29)
and v ; « satisfies
Loy uaVonsk = Vg, kG £ on 9B, (4.30)
Set
Vsnk = TnkVnks (4.31)
where 7, ; and v, are, respectively, given in (4.5) and (4.9) with ¢ replaced by —1 — n53—1 .

One can readily verify that vs , x, n # ng, defined above satisfies (4.29). Next, we define

< Gradrkpnsy, llxll < g.
V’lb‘,k = [Gn‘s’{l’kq2’15+i§r_n§_lYn5, Ixll > gq. (4.32)
and set
=7, .V - TVmsak
Vonsk = Tns.k Vasks  Tngk = @y + Dgn—T" (4.33)
then, it is easy to see that (4.30) holds.
In order to satisfy the constraint (4.27), we choose w; as follows:
— Lo Ws = f— LiauaVs
=D (Busk = LogpaVomsik) - (4.34)
k
where
fusk = Vg1 kG F £l (4.35)

and the last equation follows from (4.29) and (4.30).
It remains to calculate the energy Is(vs, ws). First, for vs ,, r, one has the following
estimate:
8Py (Vo ks Vg k) = C8Tuy k1P 156" < C8lyns 17, (4.36)

and from the proof of Theorem 4.1, it is easy to have for vs , x, n 7# ns that

8P (Vonks Vank) < C8lynil®. 4.37)

Hence, we have

8P;. ;. (vs. vs) < C8|IF|2, (4.38)

(0Bg)"
Next, we estimate the energy due to wg, and by (4.34) one has

2

1 1
<P (Ws, Ws) < Cg

5 Z (fns,k - ‘C)»A,MAVS,"&]()

k

1 2 2,
=C5 ; Ty k1215 R¥™.

(4.39)

H-!

@ Springer



1134 H. Li, H. Liu

With the help of (4.33) and the choice of ns, R™" ~ §, we have

2ng
)/ « (R 2ns J/ X R3/2
EPA n(Ws, W) = C= Z s (7) CZ s : (4.40)

q

Therefore, if g > R3/2, %P,\,M(w& ws) is bounded.

By summarizing our earlier deduction, we clearly have shown that Is(vs, ws) is bounded.
That is, the configuration (Cxﬁ, f) is non-resonant.

The proof is complete. O

5 Concluding remarks

In this paper, we consider plasmon resonances for the elastostatic system in R3. First, we
show that the plasmon device in the literature which induces resonance in R? does not
induce resonance in R3. Then, we derive two novel plasmon devices, one with a core and
the other one without a core, such that plasmon resonances can occur. This is mainly based
on the highly non-trivial derivation of the proper plasmon parameters in Theorem 3.1. For
the novel constructions, we show both resonance and non-resonance results for a very broad
class of distributional sources based on variational arguments. Furthermore, we establish
the dependence of the plasmon resonances on the location of the force term. That is, there
exists a critical radius such that when the source is located within the critical radius, then
resonance occurs, whereas if the source is located outside the critical radius, then resonance
does not occur. By comparing our main results in Theorems 4.1-4.4 with those resonance and
non-resonance results in the two-dimensional case in [8, 18], the plasmon resonances in the
three-dimensional case reveal some distinct and novel behaviours. The variational approach
was initiated in [15] for the plasmon resonance in the electrostatics modelled by the Laplace
equation. As can be seen that the variational approach is well situated to treat the resonance and
non-resonance of the plasmon devices, whereas the spectral approach initiated in [2] for the
elastostatics can be used to show both resonance and non-resonance as well as their localized
and cloaking effects. However, for the latter approach, it requires exact spectral information
of the associated Neumann—Poincaré operator, which is not always available. In this paper, we
adopt the variational approach to treat the much more complicated and challenging plasmon
resonances in the elastostatics modelled by the Lamé system. Similar to the electrostatics in
[15,19], we could only establish the resonance and non-resonance results, as well as their
dependence on the source location, and we didn’t show the localized and cloaking effects.
Nevertheless, as pointed out in Remark 3.2, using our results in Theorem 3.1, one may be
able to derive the spectral properties of the Neumann—Poincaré operator in (3.53). Then, by
following the spectral arguments, one may also be able to show the localized and cloaking
effects of the plasmon resonances in the three-dimensional elastostatics. We shall report those
findings in our future work.
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