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In the framework of multiple-scattering theory, we show that the dispersion relations of certain electromag-
netic (EM) and elastic metamaterials can be obtained analytically in the long-wavelength limit. Specific
examples are given to the two-dimensional metamaterials with cylindrical inclusions arranged in square and
hexagonal lattices. The role played by the lattice structure in determining whether a dispersion relation is
isotropic or not is shown explicitly. Different lattice dependences between EM and elastic metamaterials are
also shown. In the case of isotropic dispersions, our results coincide with those of isotropic effective-medium
theories obtained previously for EM and elastic metamaterials, respectively, and, therefore, provide a more
fundamental support to those theories. In the case of elastic metamaterials with anisotropic dispersions, our
analytical results can provide an anisotropic effective-medium theory in the form of Christoffel’s equation.
When the anisotropy is small, the isotropic effective-medium theory can describe accurately the angle-
averaged dispersion relations. The properties of anisotropic dispersions are discussed and verified by numerical

calculations of a realistic elastic metamaterial.
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I. INTRODUCTION

In the past two decades, with the development of photonic
and phononic crystals, much attention was paid to the wave
propagation in periodic composites.'™* The dispersion rela-
tion of classical waves in a periodic structure is always lin-
ear, i.e., w(lg):c(lg)k, in the quasistatic limit, i.e., ®— 0, be-
cause the wave does not probe the fine structure of the
lattice.?

For electromagnetic (EM) waves propagating in photonic

crystals, the effective speed, limjz_o c(lg), can be isotropic,
uniaxial, or biaxial,> which also means that the dispersion
relations can be isotropic or anisotropic. This is because the
dielectric constant, g;, forms a tensor of rank two that can be
determined by three independent quantities, known as the
three principal values. Here, we consider only the case of
isotropic inclusions. The effective properties of periodic
structures with anisotropic inclusions have been studied be-
fore based on an unfolding technique.® While in our study,
any anisotropy in the effective speed is caused by the lattice
structures. Because of the symmetries of the lattice structure,
the number of different principal values may be less than
three. If all the principal values are the same, the effective
speed is isotropic.” This normally requires that the unit cell
of a photonic crystal possesses high symmetry in both its
inclusion and lattice structure. Common structures such as
spherical inclusions arranged in fcc, simple cubic, and dia-
mond lattices in three dimensions,> and cylindrical inclusions
in lattices with threefold, fourfold, and sixfold symmetries in
two dimensions are examples.®” It should be noted that the
isotropy in two-dimensional (2D) case is only limited in the
periodicity plane, say, the xy plane.

For elastic wave propagating in elastic phononic
crystals,!®!! the situation is different because elastic waves
have two kinds of modes, i.e., longitudinal wave and trans-
verse wave. Here, the term “elastic phononic crystal” is used
when the host background is a solid material, which makes
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the whole system elastic for small stresses, and the system
can support both longitudinal and transverse waves. Since
the elastic modulus tensor in a periodic structure is a tensor
of rank four and has 21 different components in general,'>!3
the dispersion relations become much more complicated.
However, the number of independent components can be
greatly reduced if the lattice possesses certain symmetries.
For example, there are three independent elastic moduli for a
cubic lattice in three dimensions or a square lattice in two
dimensions, i.e., one bulk modulus and two shear moduli,
but only two independent elastic moduli for a hexagonal lat-
tice in two dimensions, i.e., one bulk modulus and one shear
modulus.'?!3 The latter case gives rise to an isotropic disper-
sion. Recently, effective speeds for certain elastic phononic
crystals in both two dimensions and three dimensions have
been studied by using the plane-wave-expansion (PWE)
method.!*!> It was found that effective speeds are aniso-
tropic in general in three dimensions.'* In two dimensions,
the anisotropy is found to be distinct for the square lattice
while very weak for the hexagonal structure.!> The weak
anisotropy is actually an artifact of the PWE method.
Recently, a great deal of attention has also been attracted
by metamaterials, which can exhibit intriguing phenomena,
such as negative refraction and superlensing effect, etc.!® A
metamaterial usually possesses low-frequency resonances in
its building blocks and its unusual physical properties can be
found above the resonant frequencies.!” For a metamaterial
with a periodic lattice structure, the dispersion relations also
become complicated due to the built-in resonances in its
building blocks. The symmetry properties discussed previ-
ously can only apply to the lowest bands when w— 0. How-
ever, for metamaterials, more interesting bands are those
low-lying bands above the resonances. Knowing these prop-
erties is both academically interesting and could be useful in
applications. For example, it is interesting to know whether
the symmetry properties of those low-lying bands remain the
same as those of the lowest bands. The symmetry properties
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of those low-lying bands have direct effects on the wave
propagation behavior through metamaterials. An anisotropic
dispersion can have applications in self-collimation.'® Wave
propagation through metamaterials can be conveniently de-
scribed by using effective parameters. In the case of isotropic
dispersions, some effective-medium theories (EMTs) have
been proposed previously.'*2!

In this work, we use multiple-scattering theory (MST)
(Refs. 4 and 19) to study the dispersion relations of EM and
elastic metamaterials in two dimensions with cylindrical in-
clusions in the long-wavelength limit. The MST, in conjunc-
tion with a lattice sum, is known to produce accurate disper-
sion relations for a periodic structure with isotropic
scatterers. This method can treat the symmetry of an isotro-
pic scatterer rigorously. It is based on angular-momentum
expansion, which is the eigenfunction expansion for isotro-
pic scatterers. Thus, the symmetry properties of lower
angular-momentum states will not be affected by the trunca-
tion of higher angular momentum. In the long-wavelength
limit, MST can provide analytical dispersion relations for
certain EM and elastic metamaterials. Here we derive the
analytical dispersion relations for both hexagonal and square
lattices. In the case of EM metamaterials, we show that both
hexagonal and square lattices exhibit isotropic dispersion re-
lations for all low-lying bands that satisfy the long-
wavelength limit. In the case of elastic metamaterials, we
show that the dispersion relations are isotropic for hexagonal
lattices while anisotropic for square lattices with a higher
anisotropy in the transverse branches. The role of the lattice
structure in determining the symmetry properties of disper-
sion relations is clearly revealed. Different lattice depen-
dence between EM and elastic metamaterials is also shown
explicitly. Our results show that the low-lying bands preserve
the symmetry properties of the lowest bands. In the case of
isotropic dispersion, we also find that the EMTs obtained
previously for EM  metamaterials'> and  elastic
metamaterials® in the long-wavelength limit produce exactly
the same dispersion relations obtained here. Thus, our results
also provide a more fundamental support to those EMTs. In
the case of anisotropic dispersion, our analytical results ob-
tained in the long-wavelength limit can provide an aniso-
tropic EMT in the form of Christoffel’s equation. In the case
of small anisotropy, we show that the isotropic EMT can still
accurately predict the angle-averaged dispersion relations.
This is verified numerically by using a realistic elastic
metamaterial.

This paper is organized as follows. The multiple-
scattering formalism for 2D EM metamaterial, and the deri-
vations of dispersion relations for hexagonal and square lat-
tices are briefly presented in Sec. II. The corresponding
derivations for elastic metamaterials and the anisotropic
EMT in the form of Christoffel’s equation are presented in
Sec. III. Also, in Sec. III, the symmetry properties of the
dispersion relations are discussed and verified by the numeri-
cal calculation of a set of realistic elastic metamaterials. Con-
clusions are drawn in Sec. IV.

II. 2D ELECTROMAGNETIC METAMATERIALS

The 2D EM metamaterials considered in this study are
composed of parallel identical cylindrical inclusions ar-
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ranged in a hexagonal or a square lattice in the xy plane
embedded in an isotropic matrix. The cylindrical inclusions
possess permittivity &, permeability u,, and radius r,. The
corresponding material parameters of the matrix are g, and
o, Tespectively. For a continuous-wave incidence, the wave
vectors in the scatterer and matrix are ky=w\e N, and k
=wVeyV g, respectively, where w is the angular frequency.
In our study, we consider only the case of transverse mag-
netic (TM) waves, i.e., the electric field is parallel to the
cylinders’ axes. The case of transverse electric (TE) waves
can be obtained from the TM waves by interchanging the
roles of € and u due to the symmetry of Maxwell’s equa-
tions.

The dispersion relations of such an EM metamaterial can
be obtained by solving a set of self-consistent equations de-
rived from the MST. A brief derivation is given in Appendix
A. The dispersion relations are determined by the following
secular equation, i.e., Eq. (A11):

det E - E gm’m”eiK‘Rq -

m’ q#p

(Sm/m// :O, (1)

where t,,,,,=D,,0,,,,» represents the scattering matrix and D,,
is the Mie scattering coefficient given by Eq. (A4) in Appen-
dix A. The term X

and IE is the Bloch wave vector, which is expressed Qb*y
R‘I

g#p8mmreX Ra represents the lattice sum

(K, ¢y) in polar coordinates. Both D,, and 2. ,g,,r,me™
are functions of w. Thus, the solution of Eq. (1) gives the

relation between w and K, i.e., dispersion relations.

To solve Eq. (1), we need to evaluate the lattice sum.
There are a few systematic techniques for calculating it, such
as direct sum and Ewald sum.?> Here, we use the technique
proposed by Nicorovici and co-workers,?>>* which expresses
the lattice sum as absolutely converging series. Besides its
efficiency, it also allows us to have some physical insight
into the analytical properties of the lattice sum.>* The de-
tailed procedure of calculating the lattice sum is given in
Ref. 23 and will not be presented here. The main results are
the following:

2 gm’m”eiK.Rq = S(m, - I’I’l"), (2)
qFp
where
1 4i" 1k, J, .
S(n) = l d OE l+12(Qhal e M
]n+1(k0a) Q h Qh(ko - Qh)

2i
- (Hgl)(koa) + ) 5”,01 )
Tkoa

(n=0)

S(=n)=-S*(n). 3)

Here, a denotes the lattice constant, () is the volume of the
unit cell, and (Qy,¢,) stands for the vector éh=IE+IEh in
polar coordinates, with Izh as the reciprocal-lattice vector.
J,+1(x) and H(ll)(x) are the Bessel and Hankel functions, re-

spectively. Equation (2) shows that the lattice sum depends
only on the difference of the indices m’ and m". Substituting
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Eq. (3) into Eq. (1), we can solve the secular equation to
obtain the dispersion relations.

Equation (1) can be solved analytically in the following
two limits: the quasistatic limit and the long-wavelength
limit. Here we use the following definitions given in Ref. 25.
The quasistatic limit requires that Ka, kypa, and kr, are all
much smaller than unity. However, in the long-wavelength
limit, one can relax the requirement of k¢<<1. In fact, in a
metamaterial, k.7, is always greater than one at frequencies
above its built-in resonances.?® In these limits, we take ap-
propriate approximations in Bessel and Hankel functions in
the lattice sum S(m’—m") and scattering matrix z,,, so that
the secular equation can be simplified and the analytical so-
lution can be obtained.

In the long wavelength limit, i.e., Ka<<1 and kpa<<1, we
take J,(x) = 2" > and H(l)(x) ~—% for x=kyr,, koa, and Ka.
It can be shown that all the terms in Eq. (1) with angular
quantum numbers greater than one (|m|> 1) are small com-
pared to the terms with |m|=1 and can be neglected so that
Eq. (1) becomes

det E Ly S(m" =m") = 8| =0,  (m,m’,m"=-1,0,1).

(4)

In the approximation, the term [H(ll)(koa)+#f)a]5n’0 in the
lattice sum S(n) turns to zero. Now, we separate the summa-

tion X, inlc(QQhQ 3) e”™#n in Eq. (3) into two terms: the first is

K,, 0 or Qh—K while the second is the sum of all other

terms with I}h #0 or éhEIEh. Thus, the lattice sum takes the
following expression

S( ) 4i"+1 Kn
n)=
Q \ Ki(kg - K?)

e—inqSK

2" ko (n +1)!
Lo fon* )
(k()a)"+1 E

Jn+1 (Kha)

2 2 e_lw’(h) ,
- K, (ky— K
(K, #0) ko~ Ki) (0=n=2)

S(=n)==S"(n), (5)

where (K),, ¢g;) denotes the polar coordinates of Iz'h

Jur1(Ka) —ing,
used the e

e~k in the first term. Equation (5) shows

and we have
—~ U(a)ml

= 2 (n+1) 1K (k-K)
explicitly the dependence of the lattice sum on the lattice
structure in terms of the summation of all nonzero

approximation

reciprocal-lattice vectors, K, of the lattice. Next, we will
show how the lattice structure affects the lattice sum and the
symmetry of dispersion relations.

For a 2D hexagonal lattice with a lattice constant a, 12,1
—h% +h (2z+ 3 h;,h; e Z. Here, zand] represent the
unit Vectors along the x and y axes in the reciprocal space,
respectively. When n # 0, the summation in the second term
of Eq. (5) is zero due to the symmetry of a hexagonal lattice.
This can be shown in the following way. If we arbitrarily
choose one reciprocal-lattice vector, (K, ¢gs1), then we can
always find the other five reciprocal-lattice vectors at
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(Khl’¢Khl+N7T/3)’ with N=1,2,3,4,5 such that
S2.0¢”™™3=0. Thus, the summation in Eq. (5) becomes

zero after summing over all the nonzero Kj,. When n=0, the
second term in Eq. (5) no longer sums to zero as e™"#kh=1.
However, this term is on the order of ” and can be ignored
in the long-wavelength limit as the first term in Eq. (5) is on
the order of w™2. Thus, Eq. (5) is further reduced to

Fo s 1 K"
BaPky(ie - K?)

e—ind)K

S(n) = , 0=n=2, (6)

where we have used Q=13a%/2.
Substituting Eq. (6) into Eq. (4) and solving for the root
we obtain

o 8D+ V312a%)(~ 8iD, + \3k2a?) -
\V3a3(8iD, + \3k2d?) '

Since the above solution does not depend on ¢y, the disper-
sion relation is isotropic.

In the long-wavelength limit, it can be shown that the
dispersion relation can be written as

K= w2seue, (8)
ko
where and =(1 +pz WO)/

(1 pm ZO),uO w1th p= 27Tr /\3a* as the ﬁll1ng ratio,
and 522F(k.r)e./[1 +i2r2 ln(kor‘ VF(kyro) o/ 1] and i
_/*LsF(k r )/[1 F(k T, )] Wlth F(ksrs)=Jl(ksrs)/[ksrsJO(ksrs)]~
Equation (8) gives the dispersion relations of all the low-
lying bands in the long-wavelength limit. It is interesting to
point out that Eq. (8) is identical to the 2D version of the
EMT developed in the long-wavelength limit,2">?7 in which
g, and u, are, respectively, the effective permittivity and
permeability of the effective medium. Thus, in the case of
isotropic dispersions, we have reproduced the analytical re-
sults obtained here.

If the metamaterial possesses a square lattlce structure,

the reciprocal-lattice vectors are Kh h; —1+h =j h,,h eZ.

Similar to the hexagonal case, when n # 0 the summatlon in
the second term of Eq. (5) is zero due to the symmetry of the
square lattice; when n=0, the first term is again two orders of
magnitude greater than the second term. Hence, the lattice

sum is almost the same as the hexagonal lattice, except that
O=d% ie

4l-n+lKn

55 "%, 0=n=2 9
e s n .
a2kp(k: - K?) ©)

S(n) =
Substituting Eq. (9) into Eq. (4) and solving for the root of
the determinant for a given K, we obtain the same result as
Eq. (8) except that the filling fraction in the effective param-
eters now becomes p=mr/a’.

From the above results, we find that, for a 2D EM
metamaterial in a hexagonal or a square lattice, the disper-
sion relations of all the low-lying bands are isotropic and can
be predicted exactly by the EMT obtained in the long-
wavelength limit. It should be pointed out that the inclusion
does not have to be a homogeneous scatterer. In general, it
can be a multicomponent scatterer in the form of layered
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structures.?’ In that case, the Mie scattering coefficient can
be obtained by using standard transfer-matrix method. If we
further apply the condition k<1 in the quasistatic limit to
Eq. (8), the dispersion relation is reduced to K*>=w’e,u, with

e.=[p(* (1+pﬁlﬁ)K — Pl e o- This
coincides exactly with the 2D version of the well-known
Maxwell-Garnett (MG) theory.?! The analytical results ob-
tained here can explain the excellent agreements found pre-
viously between the PWE results and the MG theory in the
dispersion relations of three-dimensional (3D) photonic crys-
tals in the quasistatic limit.> Since our approach is more fun-
damental than that of EMTs, our results also provide a firm
support to the previous EMTs.

In the discussions above, we have neglected |m|=2 terms
in the lattice sum, which are higher order terms in the long-
wavelength limit. However, at higher frequencies, quadru-
pole excitations of cylinders will give rise to quadrupole
bands that are not isotropic near the I" point. This has been
seen recently in plasmonic bands induced by electric-
quadrupole resonances in 3D photonic crystals consisting of
plasmonic spheres.?®

III. ELASTIC METAMATERIALS

The elastic metamaterial considered here is composed of
identical cylindrical inclusions with bulk modulus «,, shear
modulus w,, mass density p,, and radius r,, arranged in a
hexagonal or square lattice embedded in an isotropic host
with material parameters (x, i, o). Due to the translational
symmetry along the cylinders’ axes, say the z axis, the vibra-
tions along the z axis and in the xy plane are decoupled.
Here, the more complicated case of the xy mode is studied.*®

In the long-wavelength limit, the dispersion relations of a
2D elastic metamaterial can also be obtained analytically by
using the MST in conjunction with the lattice sum. The tech-
niques used are similar to those in the EM case while the
vector property of elastic waves makes the problem more
complicated. A brief derivation is given in Appendix B.

Similar to Eq. (1), the dispersion relations of an elastic
metamaterial are determined by the solutions to the follow-
ing secular equation, i.e., Eq. (B5):

(ﬂcl T”G’) ’
-1/ =0,

det Ttl Gl Ttth

(10)

where T%® are m X m matrices with matrix elements tm’i
=Dy, B8, and Df,'f” are the elastic Mie-type scattering coef-
ﬁc1ents The explicit forms of fo can be found in Appendix
A of Ref. 20. « and B take the values of / and ¢, which
denote, respectively, the longitudinal and transverse waves.
The corresponding wave vectors inside the host are kj
=\ (Kky+ o)/ po and k,y=wy ,LLO/pO, respectively. In Eq. (10),
G' and G' are m X m matrices, whose elements are given by
the lattice sum Gﬁ ,m,,zﬁqﬁgfz e (B=1,1). The lattice
sum is given by Egs. (B6) and (B7), i.e.,

2 gZ,m/,eiK'R‘1=S(,3,I71' _mll)’ (11)
qFp

where

PHYSICAL REVIEW B 79, 195111 (2009)

n+1
S(,B,I’l) — 1 |: kﬁOE n+1(Qha)2 e_i"¢h
I (kgoa) Q 5 Qh(k 0;)
2i

— (H(ll)(k,BOa) + . )@,0] s

K pod (n=0)
S(ﬂ’_n):_S*(B’n)- (12)
Here, éh=(Qh, ¢,) denotes the vector IE+I€h, and K

=(K,¢x) and K,=(K), ¢pg,) represent, respectively, the
Block wave vector and reciprocal-lattice vector.

In the long-wavelength limit, i.e., Ka<1 and kga<1(B
=1,1), the leading terms in Eq. (10) are those with angular
quantum numbers |m|=<2. Thus, we only need to consider
the terms with 0=n=<4 in Eq. (12). This is different from
the EM case, in which the |m|=2 terms are higher order
terms than the terms with m= * 1 and 0. As we will see later
this important difference can make the symmetry property of
dispersion relations of elastic metamaterials distinct from
those of EM metamaterials.

Similar to the EM case, the lattice sum for an elastic
metamaterial, i.e., Eq. (12), can be rewritten as,

4l-n+l Kn ;
S(B’n) - - e—m¢K
QO kﬁo(kéo - Kz)
kﬁ02n+l(n 1_11)[ E Jn+;(Kh(1)2 —inggy,
(kﬁoa)n h(K;ﬂ&O) Kh(kBO - Kh) (n=0)
S(B~n) = S"(B.n). (3

A. Hexagonal lattice—isotropic dispersion relations

When the elastic metamaterial has a hexagonal lattice
structure, the situation is similar to the EM metamaterial
with hexagonal lattice case. When n=0, the summation in
the second term of Eq. (13) can be neglected as it is two
orders of magnitudes smaller than the first term. When n
#0, summation in the second term of Eq. (13) cancels
among themselves to zero due to the symmetry of hexagonal
lattice structure. Thus, the lattice sum becomes

~n+1Kn
O(k,BO Kz)

—indg

ﬂBMN , 0=n=4. (14)

Substituting Eq. (14) into Eq. (10), we find the following two
roots:

(K} = F\(D!)Fo(DY),

(K5)? = F\(DY)Fy(D5, DY), (15)

with
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~ V3
8iDl1l(Ko + po) = 702602130

F, (DY) =- = :
V3,
—da
2
\!
4D2(Ko+ o) (Ko + 2 p0) +i— > a*w’? MoPo
Fy(DY) =~

F(DY.Dp) = -

_ \E
(4Df)l('<0 + po) + l'?azwzpo

- ) V3 |
M0<4Dlzl'<o('<0 + o) = 17020)2#0130)

_ 5
4D121(K0 + /.L())(KO + 2#0) + l?azwzlu,opo)

where D[ is obtained from the Mie-type scattering coeffi-
cient D” by taking the long-wavelength approximation. De-
tails can be found in Appendix B of Ref. 20. It should be

mentioned that D” are all imaginary so that both roots are
real. Since the roots (K'")? and (KY')? given in Eq. (15) do
not depend on ¢y, this implies that all the low-lying bands
for an elastic metamaterial in a hexagonal structure are iso-
tropic near the I" point. After examining Eq. (15) carefully,
we find that these two roots can be expressed as (K'")?
=w’p,/ p, and (K5)?=w’p,/(k,+u,), where p,, K,, and u,
satisfy the following equations,

(KO - Ke) _ 45{)1
(mo+K,) iQky’

(po—p.) 8D}

Po T lel20 ’
polpo=p) 4D a7
[komo + (ko + 2o o] iQkG,

Equation (17) coincides exactly with the result of an EMT
given in Ref. 20 for elastic metamaterials, and p,, «,, and u,
are, respectively, the effective density, bulk modulus, and
shear modulus. Here we have demonstrated that the disper-
sion relations of all the low-lying bands of an elastic
metamaterial with a hexagonal lattice structure are isotropic
near the I" point and can be exactly reproduced by the EMT
in the long-wavelength limit.

B. Square lattice—anisotropic dispersion relations and
Christoffel’s equation

For the case of a square lattice, the lattice sum with n
=0 is the same as that of the hexagonal lattice case. The
second term of Eq. (13) is two orders smaller in magnitude

—~ \’3 \"3 '
(ko + Mo)PZDngzZMo(KO + o) i > —d'w P0(4Dz Ko(Ko + po) = ) — @’ MOPO)J

(16)

than the first term so that can be neglected. When n # 0, the
lattice sum is different from that of the hexagonal case. In
this case, the reciprocal lattice vector of a square lattice is

expressed by K= h 1+h = ], h;,h; € Z. For an arbitrarily
chosen reciprocal- lattlce vector (Kp1» Pxn1), there always ex-
ist the other three at (K}, ¢gn+N7/2), N=1,2,3, so that
3 0¢ ™ ™2=0 when 1=n=3 and =;_,e”"V™?=4 when n
=4. This indicates that the second term of Eq. (13) cancels to
zero among themselves only when 1=n=3. Thus, when 0
=n=3, the lattice sum can be written, in the long-
wavelength limit, as

4l~n+1Kn

ity (0=n=3. (8

S(B.n) =

When n=4, the second term of Eq. (13) does not vanish,
leading to

P
S(B,4) = (% + Vﬁgiwx)e‘i“d’K, (19)
where
_16-2°-51i
6= aékzo

]5(277\,m) i4 arctan(h /h;)

N N
X[ 2 >
hy=0 hy= ‘277\/m{k ( )(h2+h2)J

(20)

It is the presence of the yg term in Eq. (19) that makes the
determinant in Eq. (10) ¢ dependent, which, in turn, gives
rise to anisotropic dispersion relations. The explicit expres-
sions for K™ and K3™ are very complicated. However, they
can be expressed as the solutions of the following Christof-
fel’s equation for an anisotropic medium,' i.e.,
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det ) -
cos ¢y sin dx(Cp + Cee)p,

cos> xCyp, " +sin® ¢xCeop, — (w/K)
cos” ¢xCeep, +sin® ¢xCyip,' — (w/K)?
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cos sin Cir+ Ce)p
bk dx(Cyy 66)pe =0, 1)

where ¢y denotes angle between the Bloch wave vector K and the x axis, and p, is the effective-mass density given in Eq. (17)
with Q=a?. The three effective moduli have the following expressions:

Ci1= K.+ p+ Ay,

Cip=Ke— pe— Ay, (22)

and

C66= Mot AZ’

where k, and w, are given by Eq. (17) and ALZ:&

Spo—pe)?
Ho—kte) F8pg

,with — and + for A; and A,, respectively. Here 5=i(kfoy,

—k?oy,)az/ o and 7y, is given by Eq. (20). In the long-wavelength limit, it has the following expression:

N

51920 Kopy (

7 Mo Ko + fro)

Equation (21) gives the following two dispersion relations

hi=0 h=1

N JsQ2mh? + h,z-)e"4 arctan(h/h;) ) 23)

(Vn? + 12y’

w\? 1 -
(E) - 2p [Cy1 + Cos = sin?(2¢h) (Cpp + Ceg)? + 052 (20 (Cyy — )],
1 e
2
w 1 [~ 2 2 2 2
) = 2 [Cy1 + Cep + \SIn*(2¢hg)(Cp + Cp)” + c05“(2¢h) (Cyy = Cop)”]. (24)
2 e

Since the origin of anisotropy comes from the term yz# 0,
we expect that isotropy is recovered when yz=0 (or 6=0). In
this case, we have Cy;=C,+2Cq."* and Eq. (24) gives the
known wave speeds (w/K)*=u,/p, and (w/K,)>=(k,
+um,)/ p, for transverse and longitudinal waves, respectively.
For the case of anisotropic dispersions, Eq. (24) gives the
dispersion relations for the quasitransverse and quasilongitu-
dinal bands.'? According to Eq. (24), (w/K;)? has extrema at
¢x=0, and /4, given by (u,+A,)/p, and (u,+A;)/p,, re-
spectively. Thus, (w/K,)? oscillates between these two ex-
trema. Similarly, (w/ K2)2 oscillates between its two extrema,
(k,+um,+A,)/p, and (k,+pu,+A,)/p,. If both |A,| and |A,
are much smaller than |u,| and |, + .|, and the amplitude of
the oscillation, |A;—A,|, is small, the angle-averaged disper-
sions, (w/K;)* and (w/K,)? can be well approximated by
Mol p, and (k,+p,)/p,, which are the results of isotropic
EMT given by Eq. (17).

It should be pointed out that Eq. (24) describes the
dispersion relations of all low-lying bands in the long-
wavelength limit. In the quasistatic limit, «, and u,
appearing in Eq. (17) reduce to the following equations®”

2
(KO - Ke) _ ﬂ (KO - Ks)

(,LLO + Ke) - a2 (,LL() + Ks) '

(o — p) ;s

[ koreo + (Ko + 2p0) 2 ) -

(po = py)
a* [Komo + (Ko + 2m0) ]
(25)

Equations (22)—(25) give the analytical solutions for the an-
isotropic wave speeds for the case of square lattice. This
result shows again that the symmetry properties of all the
low-lying bands remain the same as that of the lowest bands.

In the following, we will study numerically the aniso-
tropic properties found above by using a realistic metamate-
rial. The elastic metamaterial we study here is an array of
silicone rubber cylinders embedded in an epoxy host in a
square lattice.'®?° The silicone rubber in our system has den-
sity  p,=1.3X10° kg/m?,  longitudinal  velocity ¢,
=V(k+pm,)/ p,;=22.87 m/s, and transverse velocity c
=\Vu,/py;=5.54 m/s. The epoxy host possesses density p,
=1.18 X 10> kg/m?, longitudinal velocity c;o=1(xo+uq)/pq
=2539.52 m/s, and transverse velocity ¢, 0=/ po
=1160.80 m/s. The radius of the scatter is 0.2a, where a is
the lattice constant. In the calculation, we set a, py, and ¢,y as
unity for convenience.

Anisotropic dispersion relations can be easily seen from
an equifrequency surface (EFS). An EFS is a collection of all

states in the K space that have the same frequency, say ]7,

w a

where dimensionless frequency, f= fﬁzﬁc_o’ is used. Fig-
" 1
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FIG. 1. (a) The EFS of a square lattice of silicone rubber cylin-
ders embedded in an epoxy host at fl =0.01. The rubber cylinder’s
radius is 0.2 lattice constant. (b) Ka as a function of ¢g. The open
circles are calculated by the MST method while the solid lines are
predicted by EMT. (c) and (d) are the same as (a) and (b), respec-

tively, where the frequency is ]72=0.03.

ure 1(a) shows two EFSs at f;=0.01 with the inner one rep-
resenting the quasilongitudinal branch and the outer one the
quasitransverse branch. Anisotropy is clearly seen in the qua-
sitransverse branch. A weak anisotropy also exists in the
quasilongitudinal branch. This can be seen more easily by
plotting Ka as a function of ¢y for each EFS. The results are
shown in Fig. 1(b) with open circles, which form two oscil-
lating curves. This implies that the yg term in Eq. (19) in-
duces oscillatory behavior of Ka as a function of ¢g. In this
case, A;=0.0157 and A,=-0.0177, which are very small
compared to «, (2.243) and wu, (0.733). From previous dis-
cussions, we know that at ¢x=0, (w/K,)?> and (w/K,)?
should reach their maximum and minimum, respectively,
which, in turn, implies K; and K, are at their minimum and
maximum, respectively. This can be clearly seen from Fig.
1(b). For the upper branch, Ka starts from its maximum of
0.0769 at ¢px=0, then bends down to its minimum of 0.0729
at ¢xg=1/4. For the lower branch, Ka starts from its mini-
mum of 0.0368 at ¢x=0, then turns up slightly to its maxi-
mum of 0.0374 at ¢x=m/4. If we use the ratio d;=(K;"™*
-K"/(K;), (i=1,2) to characterize the amount of aniso-
tropy, where K™, K", and (K;) are the maximum, mini-
mum, and average of K;, we find d,=5.46% and (K,a)
=0.0749 for the transverse waves, and d,=1.67% and
(K,a)=0.0371 for the longitudinal waves. The results ob-
tained from Eq. (17), i.e., K,a=0.0744 and K,a=0.0369, are
also plotted in Fig. 1(b) in two horizontal solid lines. Figure
1(b) demonstrates that the EMT can well predict the angle-
averaged value of K;a in the case of anisotropy. Figures 1(c)

and 1(d) show other results calculated at f=0.03, from which
we see a similar behavior of Ka as a function of ¢. In this
case, we find d,=5.39% and (K,a)=0.1603 for the trans-
verse waves, and d,=1.20% and (K,a)=0.0793 for the lon-
gitudinal waves. The EMT now gives K,a=0.1599 and K;a
=0.0794, which are again close to the values of (K,a) and

PHYSICAL REVIEW B 79, 195111 (2009)

FIG. 2. (Color online) Open circles are angle-averaged disper-
sion relations calculated using MST for a square array of silicone
rubber cylinders embedded in an epoxy host. The cylinder has a
radius of 0.2 lattice constant. The solid and dashed curves are, re-
spectively, the quasilongitudinal and quasitransverse branches ob-
tained from EMT. Dimensionless frequencies, f: falcy
=wa/(2mc,), are used, where ¢, is the transverse wave speed in
the host.

(K,a), respectively. The above results show that the disper-
sion relations predicted by the EMT can approximately re-
produce the angle-averaged dispersion relations in the case
of a square lattice. Figure 1 only gives two examples at two
frequencies; we also performed MST calculations for all
low-lying bands. The angle-averaged dispersion relations are
shown by circles in Fig. 2. Also plotted in Fig. 2 are the
dispersion relations produced by the isotropic EMT for both
quasilongitudinal (solid curves) and quasitransverse branches
(dashed curves). The excellent agreements between two sets
of results show clearly that the isotropic EMT is capable of
predicting the angle-averaged dispersion relations for a
square lattice in the case of small oscillations. It is also worth
noting that, although the condition of the long-wavelength
limit requires Ka<<1, the analytical results so obtained still
agree with the angle-averaged dispersion relations even
when Ka is as large as 0.3.

It is interesting to see when the EMT fails to describe the
angle-averaged dispersion relations when anisotropy be-
comes large. For this purpose, we plot the dependence of Ka
on the radius of the cylinder r, for a square lattice at a fixed

frequency f£=0.01 in Fig. 3. The open circles represent the
angle-averaged Ka calculated by MST method while the
solid and dashed curves correspond to, respectively, the K;a
and K,a obtained from the isotropic EMT, i.e., Eq. (17).
From this figure, we can see that, when the radius of the
scatterer is large, the angle-averaged dispersion relation can
deviate from the EMT predictions. This is expected because
anisotropy increases with the filling fraction. When r,=0.35,
the quasilongitudinal and quasitransverse branches have the
anisotropy of d;=10.5% and d,=39.9%, respectively. At such
large anisotropy ratios, the oscillations in Ka are no longer
small.

Finally, we would like to show numerically that the dis-
persions are isotropic in a hexagonal lattice. We plot EFSs
and Ka as a function of ¢y for a hexagonal lattice in Fig. 4.
Figure 4 is similar to Fig. 1 while the system is changed from
a square lattice to a hexagonal lattice. Figures 4(a) and 4(c)

show the EFSs at f=0.01 and 0.03, respectively. The corre-
sponding Ka as a function of ¢ is plotted in Figs. 4(b) and
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FIG. 3. (Color online) Ka as a function of the radius of the
cylinder r, for a square array of silicone rubber cylinders embedded
in epoxy host. The frequency is fixed at f:0.0l. Open circles are
obtained from the angle-averaged dispersion relations calculated by
MST method. Solid and dashed curves are quasilongitudinal and
quasitransverse branches obtained from the EMT.

4(d) by open circles. Different from the square lattice case,
these circles form four horizontal lines, indicating isotropic
dispersions. Four solid lines in Figs. 4(b) and 4(d) are the
results of EMT shown in Eq. (17). The complete overlaps
between solid lines and circles give a numerical support to
the correctness of the EMT in the long-wavelength limit.

IV. CONCLUSIONS

In the framework of MST, we have studied the dispersion
relations of certain 2D EM and elastic metamaterials with
cylindrical inclusions in the long-wavelength limit. For EM
metamaterials, both hexagonal and square lattices exhibit

0.09
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FIG. 4. Similar to Fig. 1 with the lattice structure changed from
a square lattice to a hexagonal lattice. The radius of the silicone
rubber cylinder remains unchanged, i.e., r,=0.2a. (a) and (c) EFS at
f:0.0l and 0.03, respectively. The corresponding Ka as a function
of ¢y are plotted in (c) and (d), respectively, in which the circles are
calculated by the MST and the solid lines are given by the EMT.
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isotropic dispersion relations in their low-lying bands. For
elastic metamaterials, the dispersion relations of a hexagonal
lattice are also isotropic while those of a square lattice are
anisotropic with higher anisotropy for the transverse branch.
The anisotropy is induced by the fourfold symmetry of a
square lattice and the terms whose angular quantum numbers
are associated with m= £ 2. For all the cases studied here,
we find that the symmetry properties in the low-lying higher
bands remain the same as their counterparts in the lowest
bands. In the case of isotropic dispersions, our analytical
results coincide with those of isotropic EMTs for EM and
elastic metamaterials, which give a more fundamental sup-
port to those theories. In the case of anisotropic dispersions,
our analytical results can provide an anisotropic EMT in the
form of Christoffel’s equation. In this case, the isotropic
EMT can still accurately predict the angle-averaged disper-
sion relations when the anisotropy is small. Although this
work is done for 2D systems, we believe that the method
shown here can also be used to study the dispersion relations
of 3D EM and elastic metamaterials with spherical inclu-
sions.
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APPENDIX A: MULTIPLE-SCATTERING FORMULISM
FOR EM WAVES

For TM waves, the electric field is parallel to the cylinder.
For a sample with periodic structure, the solutions to the
wave equations can be expanded by using Bessel functions,
J,(x), and Hankel functions, H,(;)(x). We first consider the
scattering of a single scatterer (inclusion) by a continuous-
wave incidence. The incident wave on any scatterer, p, in

general, has the form:

EN7) = X dbd,,(kor,)e™ . (A1)
The corresponding scattered wave is expressed by
EX(7,) = 2 b Hy (kgry)e™ (A2)

where 7= (r,,6,) are the polar coordinates originating at the
center of the scatterer, p, ky=w\eyuy is the wave vector in
the matrix, w is the angular frequency, and m represents the
angular quantum number. The coefficients b” and al are
related through boundary conditions, which give that

bﬁz = E tmm’aﬁll > (A3)

with ¢,,,,=D,,5,,,»- Here, D,, is the Mie scattering coeffi-
cients of the scatterer, which can be expressed as®’

_ lu’Oks‘];n(ksrs)Jm(kOrs) - lu'skOJm(ksrs)J:n(kOrs)
" /-LskOJm(ksrs)Hf;)(kOrs) - Iu'kaJr,n(ksrs)Hﬁy})(kOrs) '
(Ad)

where k,=w\e,u, is the wave vector in the scatterer.
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For a collection of scatterers, the multiple scattering be-
tween any of the two scatterers should be taken into account.
Therefore, we also need to include in Eq. (A1) the scattered
waves coming from all other scatterers except for p in a
self-consistent way. This part can be written as

@n(F,) = > 2 b H D (kor,) e s,

a*p p

(A5)

where (r,,6,) denote Fq in the polar coordinates originating
at the center of scatterer g. Here, rq7 and rp refer to the same
spatial point measured from the positions of scatterers g and
p, respectively. For simplicity, we choose the center of scat-

terer p as the origin and denote the position of scatterer g as

R,=(R,,0,), which implies, r,=r,~R,.

With the help of Graf’s addition theorem, we have

H O kor )™ %=X g (kor,)e™ %, (A6)
m/
where
g I = Hn:)—m”(kOR ) l(m - )O (A7)

Substituting Egs. (A6) and (A7) into Eq. (A5), we obtain
Em( )) = 2 E E [bq"gm m”‘,m (k()r )etm 6 ]

q#p m// m
Combining Eq. (A8) with Eq. (A1) and using Eq. (A3), we

obtain the following self-consistent equation:

bp = E tmm’<am’ + E E Em’ m”bmn)

qa*p p"

(A8)

(A9)

To obtain dispersion relations for a periodic array of scatter-
ers, we drop the source terms, a‘:q,, and apply the Bloch theo-

rem, b? ,=b" ,¢'*Rq, to Eq. (A9), where K is the Bloch wave
vector, yielding

> (2 bt S G’

mo\ ' q#p

q - mmu)bp 0. (AIO)

Finally, the dispersion relation, w(I%), is obtained from the
condition that gives nontrivial solutions to Eq. (A10), i.e.,

E - 2 gm’m”elk.Rq - 5mm”

m' qFp

det =0. (All)

APPENDIX B: MULTIPLE-SCATTERING THEORY AND
LATTICE SUM FOR ELASTIC WAVES

The 2D elastic wave equation considers the displacement
field, i, in the xy plane, which can be described by?%3°

auz(”) au(r’))

p(r) =V [w(r) Vu(r)]+V- (M(f)

LA G)! (B1)

In general, « can be decoupled into a longitudinal part and a

PHYSICAL REVIEW B 79, 195111 (2009)

transverse part, i.e., u=V¢;+V X ($é,), where ¢, and ¢, are
the longitudinal and transverse gauge potentials, respectively.
In the frequency domain, the solutions to ¢, and ¢, can also
be expanded by using Bessel and Hankel functions. The
wave incident on and scattered by a single scatterer can be
written as

am(r )= E (ah, V [, kior, )e™%] +al V

X [fjm(ktorp)eimop]) s (B 2)

and

i(r,) = 2 (0, V [H,, (kigr, )™ ) + b, V

X [2H D (kor,)e™ %)), (B3)

which are elastic analogs to Egs. (A1) and (A2), respectively.
kig=w\py/ (Ko+ o) represents the longitudinal wave vector
in the matrix and k,,=w\p,/ o denotes the corresponding
transverse wave vector. In the presence of an inclusion, the
above two parts are coupled through boundary conditions,

which give
B\ (1" 1\(a 5
I;f S\t ™ a)’

where bp and @ (a=1,1) are 1 X m column vectors and T8
are mXm matrices with matrix elements t —D“ O -
Dmﬁ are the elastic Mie-type scattering coefﬁments of the
inclusion, whose explicit expressions are very lengthy and
can be found in Appendix A of Ref. 20.

To obtain the dispersion relations for elastic metamateri-
als, we adopt a similar method to the EM case. The MST for
an elastic metamaterial with periodic lattice structure gives
the following secular equation:

(T”Gl T”G’) ’
-1|=0.

det (BS)

Tthl TttGl

Here G' and G’ m X m matrices, whose elements are given by

the lattice sum Gm =2t pgﬁ . neXRa (B=1,1), which satis-
fies
> &K= S(Bm’ — '), (B6)
qFp
where
1 4 n+1k )
S(B.n) = [ 2 L) _ i,
Jn+1(kﬁoa) Q h Qh(k Qh)

2i
- (H(ll)(kﬁoa) + ) 5;1,0] ,
k got =0

(B,—n)==5"(B.n). (B7)

195111-9



YING WU AND ZHAO-QING ZHANG

*Author to whom correspondence should be addressed,
phzzhang @ust.hk

'E. Yablonovitch and T. J. Gmitter, Phys. Rev. Lett. 63, 1950
(1989); K. M. Ho, C. T. Chan, and C. M. Soukoulis, ibid. 65,
3152 (1990); Th. Koschny, P. Marko§, E. N. Economou, D. R.
Smith, D. C. Vier, and C. M. Soukoulis, Phys. Rev. B 71,
245105 (2005).

25, D. Joannopoulos, R. D. Meade, and J. N. Winn, Photonic
Crystals Molding the Flow of Light (Princeton University Press,
Princeton, 1995).

3M. S. Kushwaha, P. Halevi, L. Dobrzynski, and B. Djafari-
Rouhani, Phys. Rev. Lett. 71, 2022 (1993); J. O. Vasseur, P. A.
Deymier, B. Chenni, B. Djafari-Rouhani, L. Dobrzynski, and D.
Prevost, ibid. 86, 3012 (2001).

4M. Kafesaki and E. N. Economou, Phys. Rev. B 60, 11993
(1999); J. Mei, Z. Liu, J. Shi, and D. Tian, ibid. 67, 245107
(2003).

3S. Datta, C. T. Chan, K. M. Ho, and C. M. Soukoulis, Phys. Rev.
B 48, 14936 (1993).

60. Ouchetto, C. W. Qiu, S. Zouhdi, L. W. Li, and A. Razek,
IEEE Trans. Microwave Theory Tech. 54, 3893 (2006).

7L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Electrodynam-
ics of Continuous Media (Butterworth-Heinemann, Oxford,
1984).

8P, Halevi, A. A. Krokhin, and J. Arriaga, Phys. Rev. Lett. 82,
719 (1999).

9A. A. Krokhin, P. Halevi, and J. Arriaga, Phys. Rev. B 65,
115208 (2002).

107 Y. Liu, X. X. Zhang, Y. W. Mao, Y. Y. Zhu, Z. Y. Yang, C. T.
Chan, and P. Sheng, Science 289, 1734 (2000); Z. Liu, C. T.
Chan, and P. Sheng, Phys. Rev. B 71, 014103 (2005); C. Gof-
faux, J. Sdnchez-Dehesa, A. Levy Yeyati, Ph. Lambin, A. Khe-
lif, J. O. Vasseur, and B. Djafari-Rouhani, Phys. Rev. Lett. 88,
225502 (2002).

Iy, Ding, Z. Liu, C. Qiu, and J. Shi, Phys. Rev. Lett. 99, 093904
(2007).

2L, D. Landau and E. M. Lifshitz, Theory of Elasticity
(Butterworth-Heinemann, Oxford, 1986).

13D. Royer and E. Dieulesaint, Elastic Waves in Solids I (Springer,
New York, 1999).

PHYSICAL REVIEW B 79, 195111 (2009)

14Q. Ni and J. Cheng, J. Appl. Phys. 101, 073515 (2007).

15Q. Ni and J. Cheng, Phys. Rev. B 72, 014305 (2005).

1p. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser, and
S. Schultz, Phys. Rev. Lett. 84, 4184 (2000); R. A. Shelby, D.
R. Smith, S. C. Nemat-Nasser, and S. Schultz, Appl. Phys. Lett.
78, 489 (2001); R. A. Shelby, D. R. Smith, and S. Schultz,
Science 292, 77 (2001); J. B. Pendry, Phys. Rev. Lett. 85, 3966
(2000); N. Garcia and M. Nieto-Vesperinas, ibid. 88, 207403
(2002).

17D. R. Smith, J. B. Pendry, and M. C. K. Wiltshire, Science 305,
788 (2004).

I8p T. Rakich, M. S. Dahlem, S. Tandon, M. Ibanescu, M. Sol-
jaci¢, G. S. Petrich, J. D. Joannopoulos, L. A. Kolodziejski, and
E. P. Ippen, Nature Mater. 5, 93 (2006); A. F. Matthews, S. K.
Morrison, and Y. S. Kivshar, Opt. Commun. 279, 313 (2007).

9. Mei, Z. Liu, W. Wen, and P. Sheng, Phys. Rev. Lett. 96,
024301 (2006).

20y, Wu, Y. Lai, and Z. Q. Zhang, Phys. Rev. B 76, 205313
(2007).

21y, Wu, J. Li, Z. Q. Zhang, and C. T. Chan, Phys. Rev. B 74,
085111 (2006). It should be noted that a logarithmic in the de-
nominator of & was missing in this paper. The correct expres-
sion of g, should be 8,=2F(k,r,)e /[1
+k§r§ ln(kOrS)F(kSrS)MO/ILLS]'

22P. P. Ewald, Ann. Phys. 64, 253 (1921).

238. K. Chin, N. A. Nicorovici, and R. C. McPhedran, Phys. Rev.
E 49, 4590 (1994).

24N. A. Nicorovici, R. C. McPhedran, and B. Ke-Da, Phys. Rev. E
51, 690 (1995).

2W. Lamb, D. M. Wood, and N. W. Ashcroft, Phys. Rev. B 21,
2248 (1980).

26 A. K. Sarychev, R. C. McPhedran, and V. M. Shalaev, Phys.
Rev. B 62, 8531 (2000).

27S. T. Chui and Z. F. Lin, Phys. Rev. E 78, 065601(R) (2008).

2D. Han, Y. Lai, K. H. Fung, Z. Q. Zhang, and C. T. Chan, Phys.
Rev. B (to be published).

YL.-M. Li and Z.-Q. Zhang, Phys. Rev. B 58, 9587 (1998).

30M. S. Kushwaha, P. Halevi, G. Martinez, L. Dobrzynski, and B.
Djafari-Rouhani, Phys. Rev. B 49, 2313 (1994).

195111-10



