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We develop, from first principles, a general and compact formalism for predicting the electromagnetic response
of a metamaterial with nonmagnetic inclusions in the long-wavelength limit, including spatial dispersion up
to the second order. Specifically, by resorting to a suitable multiscale technique, we show that the effective
medium permittivity tensor and the first- and second-order tensors describing spatial dispersion can be evaluated
by averaging suitable spatially rapidly varying fields, each satisfying electrostatic-like equations within the
metamaterial unit cell. For metamaterials with negligible second-order spatial dispersion, we exploit the
equivalence of first-order spatial dispersion and reciprocal bianisotropic electromagnetic response to deduce
a simple expression for the metamaterial chirality tensor. Such an expression allows us to systematically
analyze the effect of the composite spatial symmetry properties on electromagnetic chirality. We find that
even if a metamaterial is geometrically achiral, i.e., it is indistinguishable from its mirror image, it shows
pseudo-chiral-omega electromagnetic chirality if the rotation needed to restore the dielectric profile after the
reflection is either a 0° or 90° rotation around an axis orthogonal to the reflection plane. These two symmetric
situations encompass two-dimensional and one-dimensional metamaterials with chiral response. As an example
admitting full analytical description, we discuss one-dimensional metamaterials whose single chirality parameter

is shown to be directly related to the metamaterial dielectric profile by quadratures.
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I. INTRODUCTION

Designing the electromagnetic response of an artificial
medium is one of the main targets of modern photonics,
and metamaterial science is probably the most important
research field based on such skill. Basically the design is
made possible by the physical fact that the electromagnetic
field, when traveling within a nonhomogeneous medium with
subwavelength features, is not able to follow its spatial
rapidly varying details so that the field only experiences the
effect of an averaged or effective medium. A number of
different homogenization approaches have been developed for
predicting the effective medium electromagnetic response and
they exploit different and suitable approximation schemes. The
simplest homogenization technique deals with the retrieval
of the effective parameters from the scattering properties
of the medium [1-8] and it is based on postulating the
equivalence between a complex metamaterial array and a
uniform slab of the same thickness with unknown constitutive
parameters. Another homogenization technique is the field-
averaging method which is based on the averaging of the
electromagnetic field in a metamaterial unit cell [9-13] and, in
analogy with the retrieval technique, it is a numerical method
for the determination of effective parameters. In addition
to numerical methods, mean-field homogenization theories
are available where the effective parameters are evaluated
from the distribution of the underlying metamaterial inclu-
sions. Examples of such techniques are those exploiting the
Lorentz [14], Clausius-Mossotti [15], and Maxwell-Garnett
[16] approximations, or based on multipolar expansion [17]
and the source-driven approach [18]. Spatial periodicity and
rapidly varying spatial scales are the two basic ingredients of
each metamaterial homogenization approach. Two different
homogenization techniques are obtained by assuming one of
these two ingredients and subsequently incorporating the other.
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Therefore, starting from the photonic-crystal description of
the structure where the spatial periodicity is fully taken into
account, the effective medium response can be extracted in
the long-wavelength regime [19-25]. Conversely, the spatial
rapidly varying metamaterial features allow an asymptotic
multiscale analysis of the sample electromagnetic response
which combined with the array periodicity yields the effective
medium response [26-32].

Even though the metamaterial inclusions patterning has a
spatial scale much smaller than the radiation wavelength, such
two scales are generally not so different to allow a description
of the effective medium response only comprising effective
dielectric permittivity and magnetic permeability tensors. For
this reason, the effective medium generally shows an additional
nonlocal response [33-39] yielding spatial dispersion. It is
well known that the nonlocal first-order contribution (i.e.,
containing first-order spatial derivatives of the electric field) is
equivalent to a reciprocal bianisotropic response [40] whereas
the second-order contribution can be partially interpreted as
a correction to the effective magnetic permeability tensor
[40,41], a phenomenon which is known as artificial or
optical magnetism [9,42—45]. If the effective nonlocality is
weak, the effective medium response is adequately described
by reciprocal bianisotropic constitutive relations where the
chirality tensor accounts for the strength of magnetic and
electric polarization coupling. An efficient way for observing
the effect of electromagnetic chirality is considering meta-
materials whose underlying constituents’ patterning exhibits
chiral asymmetrys; i.e., its mirror image cannot be superposed
onto it, and theoretical and experimental investigations have
been performed both in three-dimensional [6,46—48] and in
two-dimensional configurations [49-53]. Chiral metamaterials
have attracted a good deal of attention since they can yield giant
optical activity, asymmetric transmission [54,55], repulsive

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.91.184207

ALESSANDRO CIATTONI AND CARLO RIZZA

Casimir force [56], backward waves [57,58], and negative
refractive index [59-61].

In this paper we theoretically investigate the electromag-
netic response in the long-wavelength regime of a periodic
composite medium, whose inclusions are nonmagnetic, and
we carry out the analysis by including spatial dispersion up to
the second order. Specifically, by using the ratio n between the
composite periodicity and the wavelength as an asymptotic ex-
pansion parameter, we exploit a general multiscale technique
for separating the fast matter scale from the slow radiation
one and to extract the average effect of the composite on
the electromagnetic field. We fully develop the analysis up
to the second order in 1 and we find that the obtained effective
medium response has a 1° order reproducing the known
results of standard homogenization approaches and ' and n?
orders accounting for first- and second-order effective medium
nonlocality, respectively. The effective dielectric permittivity
tensor (of rank two) arising from the zeroth order is obtained by
averaging over the metamaterial unit cell specific fast-varying
fields satisfying electrostatic-like equations. The main result
of the present paper is that this very simple procedure still
works for evaluating the two tensors (of ranks three and
four, respectively) describing effective medium nonlocality
up to the second order and the corresponding electrostatic-like
equations for the suitable fast-varying fields to be averaged
are here derived and discussed. As a consequence we obtain a
simple scheme for evaluating the effective medium response
up to the second order which is based on solving a small
number of Poisson equations on the metamaterial unit cell.
In particular we obtain a very compact expression for the
three-rank tensor describing first-order spatial nonlocality
which remarkably reveals that it can be evaluated by using
the same fast-varying fields appearing in the zeroth-order
description, thus avoiding the requirement of solving ad-
ditional electrostatic-like equations. Therefore the ensuing
procedure for deducing the medium response up to the first
order is remarkably simple and compact. For metamaterials
with negligible second-order spatial dispersion, we combine
the obtained description with the equivalence of first-order
spatial dispersion and reciprocal bianisotropic electromagnetic
response to obtain a compact and simple expression for the
effective medium chirality tensor. Using such expression we
investigate the impact of the composite patterning symmetry
on electromagnetic chirality. Specifically we obtain that if the
composite does not show chiral asymmetry, i.e., its mirror
image can be superposed on it, the effective chiral tensor
vanishes with two remarkable exceptions corresponding to
the specific cases where the rotation needed to superpose
the mirror image onto the structure is either a 0° or 90°
rotation around an axis orthogonal to the reflection plane. In
these two situations the composite is geometrically achiral
and it nonetheless shows electromagnetic chirality whose
chiral tensor turns out to be that of a pseudo-chiral-omega
medium. Such general result encompasses in particular the
relevant cases of two-dimensional and recently considered
one-dimensional metamaterials showing chiral response. As
an example admitting full analytical description, we discuss
one-dimensional metamaterials whose single chirality parame-
ter is shown to be directly related to the metamaterial dielectric
profile by quadratures.
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The paper is organized as follows. In Sec. II we discuss
our approach to the effective medium description of a periodic
composite in the long-wavelength regime including spatial
nonlocality. This is done examining the general multiscale
technique in Sec. II A and applying it to the zeroth, first,
and second orders in Secs. I B-II D, respectively. In Sec. III
we sum up the results obtained in Sec. II and we stress
the simplicity and compactness of the proposed approach. In
Sec. IV we consider media whose second-order contribution
to spatial nonlocal response can be neglected and we focus on
electromagnetic chirality. Specifically in Sec. IV A we adopt
the bianisotropic description of the medium to deduce a simple
expression for the chirality tensor, in Sec. [IVB we examine
the relation between geometric and electromagnetic chirality
of metamaterials, and in Sec. IV C we specialize such general
analysis to the cases of two-dimensional and one-dimensional
chiral metamaterials. In Sec. V we focus on one-dimensional
chiral metamaterials and we obtain a closed-form expression
for the single parameter ruling electromagnetic chirality of
such media. In Sec. VI we draw our conclusions.

II. HOMOGENIZATION THEORY

A. Electromagnetic field multiscale analysis

Let us consider propagation of a monochromatic electro-
magnetic field through an unbounded metamaterial whose
underlying nonmagnetic inclusions (both metal and dielectric)
are arranged on a lattice whose period is much smaller than the
radiation wavelength A. The electric E and magnetic H field
amplitudes satisfy Maxwell equations

VXE=iouH, V xH=—iwsyeE, (1)

where time dependence e’ has been assumed and the
medium relative dielectric constant &, (r) is a periodic complex
function having the same periodicity of the metamaterial.
Due to the rapidly varying dielectric spatial modulation it is
convenient to introduce the parameter

d

n= )

where d is the largest of the lattice basis vector lengths.
Following the standard multiscale technique, it is possible
to exploit the condition n < 1 to develop an asymptotic
analysis of electromagnetic propagation. Accordingly, we
introduce the fast spatial coordinates R = r/n, regarded as
independent from the slow coordinates r. Any field f(r,R)
can be decomposed as f(r,R) = f(r) + f(r,R) where the
overline denotes the spatial average over the metamaterial unit
cell, i.e.,

— 1
o= / &RS(.R), 3)
C

where C is the unit cell and V is its volume scaled by n3, and
the tilde denotes the rapidly varying zero mean residual, i.e.,
f = f — f.In our scheme the relative dielectric permittivity
depends on the fast coordinates only so that we set

e(R) = &,(nR), 4)

and it can be decomposed as e(R) =g + &(R). Follow-
ing the general multiscale technique [62], we set for the
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electromagnetic field amplitudes A = E,H

A=Y [A,@®+A,@RI, 5)

n=0

or, in other words, the field amplitudes are expanded in
powers of n and, for each order, the average on the unit
cell (terms with an overbar and depending on the slow
coordinates only) is separated from the zero mean residual
(terms with a tilde and depending on both slow and fast
coordinates). After substituting Eq. (5) into Egs. (1) and noting
thatV — V + %VR it is possible to extract equations for each
order and, for each of them, to separately balance the averaged
contributions and zero mean residuals. As a result, for the
averaged equations we obtain

V xE, =iouoH,, V xH, = —iwsyEE, + ¢E,), (6)
whereas for the zero mean residual equations we have
VrxEg=0, VgxxHy=0,
VR X E,,+1 = -V x E,, + iprOI:In, B o
Ve xH,4+1 = -V x H, —iwegp[(e — O)E,
+6E, — ¢E,,

where n = 0,1,2, .... Equations (6) do not contain the fast
coordinates R and are coupled to the rapidly varying field

orders only through the averaged term ¢E,. Multiplying each
of Egs. (6) for n” and summing over n we obtain

VXE=iouH, V xH=—ioD, ®)

where E = Y E,n" and H= Yol H,n" is the overall
averaged electromagnetic field and

o0
D = ¢sE + ) _ AD,, ©)
n=0
where
AD,, = goeE,n". (10)

Therefore the slowly varying electric and magnetic field
amplitudes satisfy the macroscopic Maxwell equations (8)
with the slowly varying displacement vector D of Eq. (9)
which has two contributions, the former due to the spatial
average of the dielectric profile and latter due to the dielectric
modulation. The latter contribution is obtained by summing the
spatial average of the rapidly varying fields E, multiplied by
the dielectric permittivity arising from each order. Therefore,
in order to obtain an effective medium description of the
metamaterial response, such rapidly varying fields have to be
related to the slowly varying ones through Egs. (7).

From the structure of Eqgs. (7) we note that the fields E,,
and Hn+| have to be evaluated recursively from the knowledge
of E, and H,,. In order to accomplish this task it is convenient
to deduce equations involving the fields’ divergence. After
applying the operator Vg- to both the third and fourth of
Egs. (7) we obtain

V. (Vg x E,) = —iopoVg - Hy,

. _ N (11)
\E (VR X Hn) = inOVR . [(8 - E)En + SEn]a
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where we have used the identity Vg - (V x A) = —V - (Vg X
A). Setting n = 0 and using the first and the second of Egs.

(7), Egs. (11) become
Vr-Hy=0, Vg-(cE))=—(Vge)-Ep. (12

Relabeling n — n + 1 in Eqgs. (11) and substituting the
expressions for Vg x E,,H and Vg X H,,H from the third
and fourth of Egs. (7) we obtain

Vg -H,; = —Vg-H,,

Vi - (eE,11) = =V -[(e —®)E, + ¢E, —¢E,]  (13)
- (VRS) : En+1
for n = 0,1, .... Equations (7) together with Eqgs. (12) and

(13) can be used to evaluate the rapidly varying fields of order
n + 1 once those of order n are known and these fields are
linearly dependent on the slowly varying fields. Therefore, the
discussed homogenization technique allows us to obtain an
effective medium description of the metamaterial response up
to the desired order in 7. In this paper we will provide an
effective medium description up to the second order.

B. Zeroth order

From the second of Eqs. (7) and the first of Eqs. (12) we note
that the field Hy has no sources and therefore it vanishes. On
the other hand the first of Egs. (7) and the second of Eqgs. (12)
state that the field Ey is conservative and it is produced by
the spatial modulation of ¢ and the slowly varying field Eq.
Therefore we have

Hy =0, E,=&(f)Eo;, (14)

where the sum is hereafter understood over repeated indices,
€; is the unit vector along the ith direction, 9; is the partial
derivative along X; = &; - R, Eo i =€; - Eo, and the functions
f; satisfy the equations

VR'(EVRfj): —ajS, (15)

where j = 1,2,3. Note that the source term of Eq. (15) has the
same metamaterial periodicity and its spatial average vanishes,
ie., 81_8 = 0, so that the fields f; are periodic functions with
the same metamaterial periodicity and they are defined up to
an arbitrary constant (see Appendix A). Inserting the second
of Egs. (14) into Eq. (10) with n = 0 we obtain

AD = £o&; AelsVEy;, (16)

where Aef?ff) = m so that the zeroth-order contribution
to the displacement vector of the effective medium amounts
to a tensor correction to the average dielectric permittivity.
This result agrees with Ref. [28] where the authors consider
the homogenization of a two-dimensional structure up to the
zeroth order in 5. Note that, as shown in Appendix B, the
rank-two tensor Aa(eff) satisfies the relation As(efﬁ Aa(eff)
and this is the correct symmetry property of the correctlon
to the dielectric permittivity tensor, in agreement with the
Onsager symmetry principle [63]. After symmetrizing the pair
of indices ij, i.e., by setting Ae;; (6D 2(A e 4 Ae eﬁ)) we
get

Aglgje.m = —(3ij+ %(Qij + jS)a (17)
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where we have set
Qij = e(8ij + 9; f}), (18)

for later convenience. It is worth noting that the expression for
Q;; only involves spatial derivatives of the fields f; so that,
at the zeroth order, the undefined additive constant in f; (see
Appendix A) does not affect the effective correction to the
permittivity tensor of Eq. (17). In addition, as a consequence
of Eq. (15) we have the divergenceless condition

8,~Q,~j = aj8+VR~(8VRf/‘)=O. (19)

C. First order

In order to obtain the equations for the fast-varying fields
of the first order we use the third and fourth of Egs. (7) and
Egs. (13) with n = 0 thus getting

Vi -H; =0,
Vi x Hy = —iweol&;(Q;; —QT,-)E),-],
Vr- (SEI) = _(Ql] Qlj — (9; S)Elz»
oE
Vi X ( —&f °’> =0, (20)
0x;

where we have used Egs. (14) and (18) and we ‘have exploited

the evident relation V x Eg = —Vg x (& f I ”’) Note that
we use the symbol 9/dx; to label the partial derivative
operators with respect the slowly varying coordinates x; in
order to avoid confusion with 9; = d/dX; which we use
for partial derivative operators with respect the fast-varying
coordinates.

The first and the second of Egs. (20) provide the field H,
since

VR - (& Qi;Eoj) = (3:0;))Eg; =0, (21)

where Eq. (19) has been used, is the compatibility condition
of the system. Therefore we set

i, =

- [Vr x &A;)]Eq;, (22)
twio

where the functions A;; satisfy the magnetostatic equations
VRAij = —ky(Qij — Qi) (23)

where ko = w/c, which have to be solved with the prescrip-
tions that A;; has the metamaterial periodicity and it is defined
up to an arbitrary constant (see Appendix A). Note that if A;;
satisfies the second of Egs. (23) then

9 Aij =0,

V(3 Aij) = —ki3; Qi =0, (24)

where Eq. (19) has been used and this implies that 9;A;; =
constant since the constant is the only harmonic function
which has the metamaterial periodicity. In addition 0;A;;
has vanishing average since it is the derivative of a periodic
function and therefore 0;A;; = 0. Therefore the first of
Egs. (23) is automatically satisfied and does not have to be
additionally required.

PHYSICAL REVIEW B 91, 184207 (2015)

The third and the fourth of Egs. (20) provide the field E,
and it is easily seen that it can be expressed as

L — IEo;
E|i =& |0 fHE + Gir fj + W) o | (25)

where the functions W,; satisfy the equation

—3,(ef)) —(Qrj — Qrj).  (26)

It is important noting that field E; has, by its very definition,
zero average and, from Eq. (25), this forces the undefined
additive constant of f; to be set equal to zero, i.e., in such a
way that

VR - (eVrW,)) =

fi=0. 27
Note that the source term of Eq. (26), on its right-hand side, has
vanishing spatial average so that the equation is structurally
equivalent to Eq. (15) and therefore W,; has the metamaterial
periodicity and it is defined up to an additive constant (see
Appendix A). Inserting Eq. (25) into Eq. (10) withn = 1 we
obtain

[ dE
AD] = g()éi |:77AE§Je.ff)E T +a (eff) 0/ i| , (28)

Ur axr

where a ir = = ne(S;r fj + 9 W,j) so that the first-order contri-
bution to the displacement vector of the effective medium
provides a tensor correction to the average dielectric per-
mittivity which has the same structure as its zeroth-order
counterpart [see Eq. (16)] and a contribution which is linear
in the derivatives of the slowly varying zeroth-order electric
field. This former contribution is responsible for the first-order
nonlocal part of the effective medium dielectric response.

The rank-three tensor afjff) can be conveniently rewritten
as (see Appendix B)

a5 = n(0ri f; — Ori fi): (29)
which reveals that the nonlocal contribution of the effective
medium response up to the first order can be predicted directly
from the knowledge of the functions f; thus avoiding solving
Egs. (26). Note that Eq. (29) also shows that

o0 _ g G0
which is the correct antisymmetric property, in agreement with
the Onsager symmetry principle, for the third-order tensor
associated with first-order spatial nonlocality of the effective
medium response [63].

D. Second order

The equations for the fast-varying electric field of the
second order are obtained from the third of Egs. (7) and the
second of Egs. (13) with n = 1 so that

Vi - (eFy) = —(Qy — Q,,>8E“ — (Pyj - ,,,>
ox 8x,
—(9;6)Ex;,
Vi x By = Vg x |:e, (f, OFy | W, OEo, +AUFO,>},
0x; 0x;0x,

€19
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where we have used Eqgs. (22) and (25), we have set
Py = e(Sir fi + i Wy)), (32)

and we have used the evident relation V x E; = —Vg x

[&(f; dx]/ + W,; ax ax ~—")]. Note that since we are 1nvest1gat1ng

the effective medium response up to the second order 12, we are
not considering the equations for the second-order magnetic
field H, since it provides contributions to the effective medium
response only of order 1°.

It is easily seen that the field E; satisfying Egs. (31) is

rj

E, =¢§ [(aifj)EZj + @Gir fj

+(Ayj + 00))Eo; + (1 Wi + 0y Rm)azi : }
(33)
where the functions R;,; and v; satisfy the equations
VR - (eVRRj) = —0,(eW,;) —
VR - (eVRy)) = —0;(cA;)).

( srj — srj)s (34)

It is important to note that field E, has, by its very definition,
zero average and, from Eq. (33), this forces the undefined
additive constants of A;; and W,; to be set equal to zero, i.e.,
in such a way that

Aij=0, W,;=0. (35)

Note that the source terms of Egs. (34) have vanishing spatial
average so that such equations are structurally equivalent to
Eq. (15) and therefore Ry,; and v; have the metamaterial
periodicity and they are defined up to an arbitrary constant
(see Appendix A). Inserting Eq. (33) into Eq. (10) withn = 2
we obtain

9E
AD, = £08;| 1 Ag(eff)E P+ UOl,(efD 1
T dx,
(efh 3 (eff) IE
+7? Yii Eoj + By 7 Py 8 (36)
e —Z A a. N eff
where V,(]ﬂ) = ¢e(A;j + 0;v)) and ,3,'(,,'5? =

e85 Wy; + 85 Ws; + 0, Ryy; + 0 Rrsj). Note that in the
fourth term in Eq. (36), ﬁ(em has been symmetrized with

respect to the indices sr lslivrrlce it is contracted with the
symmetric mixed partial derivatives tensor. From Eq. (36) we
note that second-order contribution to the displacement vector
of the effective medium contains a correction to the effective
dielectric permittivity tensor and a correction to the first-order
nonlocal response which which have the same structures
as their zeroth- and first-order counterparts [see Egs. (16)
and (28)]. In addition it provides a novel contribution to the
effective dielectric permittivity which is physically due to
the effect of the rapidly varying first-order magnetic field
and a contribution which is linear in the mixed second-order
derivatives of the slowly varying zeroth-order electric field,
the latter being responsible for the second-order nonlocal part
of the effective medium dielectric response.
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The rank-two tensor y(eff)

be rewritten as (see Appendix B)

and the rank-four tensor ﬁl g AN

V;(jeff) . m7
ko

2
By = (Qriwsj + 0 Wy + O Wi + Oy Wr)

,72

_Z[ﬁ(Prsj+Psrj)+fj(Prsi+Psri)]v (37)

so that the second-order contribution to the effective medium
response can be predicted without solving Egs. (34). It is worth
noting that the relations y(em = y}fﬁ) and ﬂl(ff? ,35?:? hold
and they are the correct symmetrlc properties, in agreement
with the Onsager symmetry principle, for contributions to the
effective dielectric tensor and for the rank-four tensor associ-

ated with second-order spatial nonlocality [63], respectively.

III. NONLOCAL EFFECTIVE MEDIUM RESPONSE

A. Effective medium response up to the second order

The slowly varying electric and dlsplacement fields up
the second order are E = E;é; = Eg + E;n + E;p?> and D =
D;é; =Dy + Dy + Dyn? so that, inserting Egs. (16), (28),
and (36) into Eq. (9) (whose series is truncated up to the second
order) and adding suitable higher order terms for restoring the
field E; in the nonlocal contributions, we obtain

5i=8((efDE e PEs | gem PE; ) (38)

ljr 8 Ljrs 8 8

where, from Egs. (17), (29), and (37), we have

2
2 (aa Ari )(asArj)a
0

erfi),

(efﬂ _(Ql] + Q]l) +
of = n(Qri fj —
) (39)
n
:31(;{? = Z(Qri Wsj + Qsier + er Wsi + Qsj W)

2
n
- Z[fl(Prs; + Psrj) + fj(Prsi + Psri)]s

where
Qij =¢€ij +0i fj), Pij=¢e@ifi +0;W,). (40)

In order to sum up the results obtained so far for clarity
purposes, we here report Eq. (15), the second of Egs. (23),
and Eq. (26) for the fields f;, A;;, and W,; necessary for
evaluating the effective medium tensors, namely

V- (eVRf)) = —dje, VyAij = —ky(Qij — Oij),
VR - (eVRW,)) = —d,(ef}) — (Qr; — Or)), (41)

whose solutions have to be determined with periodic boundary
conditions on the edges of the metamaterial unit cell and with
vanishing spatial average.

Equations (38), (39), and (41) are the main result of
this paper and they show that the effective dielectric tensor
e© and the tensors o™ and B describing first- and
second-order spatial dispersion can easily be evaluated after
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FIG. 1. (Color online) (a) Real and (b) imaginary part of the
permittivity profile €(X,Y) pertaining to the two-dimensional square
metamaterial unit cell used to model a metallic inclusion embedded
in a dielectric matrix. The imaginary part of the metallic inclusion
permittivity is 1.2 whereas its real part has been varied from —6 [the
case plotted in (a)] to 0.

solving Eqgs. (41) for a given periodic dielectric profile
e(R). In turn these equations share a common electrostatic
structure and therefore they can be faced through a number
of well-known theoretical and numerical schemes. In addition
we note that, to the best of our knowledge, the second and
the third of Eqs. (39) contain the simplest expressions for
the tensors «®® and BCM since they are easily obtained
by averaging suitable mesoscopic fields. We conclude that
the discussed homogenization scheme provides a particularly
simple way for predicting and analyzing, in addition to the
local dielectric response, the spatial dispersion properties of
an arbitrary tridimensional periodic dielectric medium in the
long-wavelength regime up to the second order [64].

B. Numerical examples

In order to illustrate how the proposed method actually
works for predicting the nonlocal response of a realistic
metamaterial, let us consider the case of parallel metallic wires

PHYSICAL REVIEW B 91, 184207 (2015)

embedded in a dielectric matrix and periodically arranged on
a square lattice. Choosing the Z axis to be parallel to the
wires’ direction, we have modeled the considered composite
by means of the unit cell dielectric profile €(X,Y) (two-
dimensional metamaterial) reported in Fig. 1 and consisting of
a uniform background and three elliptical Gaussians suitably
arranged to resemble the wire transverse shape of an F. In our
calculations we have set €, = 2 for the dielectric background,
Im(ein) = 1.2 for the imaginary part of the metallic inclusion
permittivity, and we have varied its real part Re(e;j,) from —6 to
0. Following the above discussed procedure, we have evaluated
the fields f;, A;;, and W,; by numerically solving Eqs. (41)
with periodic boundary conditions through a finite difference
scheme and subsequently evaluated the tensors of Egs. (39) by
numerically averaging the relevant fields. In Figs. 2(a) and 2(b)

we plot the real and imaginary parts of the entries eﬁm eéesz)’

and " of the effective permittivity tensor e as functions of
Re(em) and we note that they are all different; i.e., the effective
medium behaves as a biaxial crystal. In addition we note that
the more the real part of the metallic permittivity is negative
the more the considered permittivity tensor entries are lower
than the value of the background dielectric permittivity (which
is equal to 2). Note that, since the medium we are considering
is two-dimensional (i.e., ¢ does not depend on Z), from the first
of Egs. (41) it is evident that f3 = 0 (see Appendix A) so that
egﬁ) = ¢ and this explains its linear dependence on Re(ey).
In Figs. 2(c) and 2(d) we plot the real and imaginary parts

iog @D _ _geM @ _ e e _ T D
of the entries o))’ = —a)y1, @y = @), U313 = —U33,,

and ) = —alS? of the effective tensor a™, normalized
by ni, as functions of Re(ej,). Due to the symmetry of the
considered structure, all the other entries of the tensor o(¢ff)
vanish and we note that the nonsymmetrical shape of the
metallic inclusion yields a first-order nonlocal response whose
relevance increases as —Re(ej,) increases. In Figs. 2(e) and
2(f) we plot the real and imaginary parts of the typical entries

e Bl and B of the effective tensor A, normalized

(@) (§CO)3 Re(@ iy | (©) s ——Re(B{S /1)’
1.8 : Y .
T ReC) M . - - Re(BT )’
1.6 0,028 - I —— Re(BE )/
: R ™| Re(a)/(n1) -
1 < 2
1.4 —_— Re(sgn) 0.01
— Re(sgn) 0
0
-6 —4 -2 =6 —4 2 - —4 2
X Re(e, ) s Re(e, ) Re€) | — @y
- -3
® Ty A D x10° - -
o (e“m) - s ‘ \\\\\\\ o ImBED yma
0.6/~~~ Im( o 0.01 T m@S My ZMM\\m(BZZ“) o
RN ——1Im(e e . -
04 ~L = —0.02 o - -ImESTDm |
0 ~ —-0.03 o ——Im(o)/ M) S
’ —0.04f .~ Im(oS)/ (M)
0 ’
=6 —4 -2 -6 —4 -2 -6 -4 -2
Re(e, ) Re(e, ) Refe, )

FIG. 2. Effective medium parameters evaluated from the dielectric profiles of Fig. 1. (a) Real and (b) imaginary part of diagonal entries
of the effective permittivity tensor €™ as functions of Re(ej,). (c) Real and (d) imaginary parts of the normalized nonvanishing entries of
the effective tensor a©® as functions of Re(ej,). (¢) Real and (f) imaginary parts of typical entries of the effective tensor S as functions of

Re(ein).
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FIG. 3. (Color online) Comparison between the results of the full-wave theory and of both nonlocal and local effective medium theories
for a layered medium stacked along the x axis. Real and imaginary parts of the normalized complex propagation constants ﬁkz of TE [panels
(a) and (b)] and TM [panels (c) and (d)] modes as functions of the normalized wave vector ﬁkx.

by (n)?, as functions of Re(ej,) and, in analogy to the other
two tensors, their impact is more effective for greater values
of —Re(ej,). Note that the discussed analysis of the effective
tensors as functions of the parameter Re(e;,) additionally
reveals that, even in the case where the permittivities of
the metallic inclusions and the dielectric background are
strongly dissimilar, the second-order nonlocal contribution to
the effective medium response is, in the considered example,
always negligible with respect the first-order one and this
assures the convergence of the performed asymptotic analysis
supporting the homogenization technique.

In order to check the predictions of the discussed nonlocal
homogenization theory we here consider a second example
of metamaterial which is a layered structure obtained by
repeating, along the X direction, metal-dielectric bilayers
whose dielectric profile €(X) (one-dimensional metamaterial)
is

e1 0<X/A<f,

€X) = {62 F<X/h<(-f), “42)

where €, and €, are the dielectric permittivities of the two
layers and f and (1 — f) are their volume filling fractions. For
the numerical simulations we have chosen ¢, = —1.5+ 1.1}
(metal layer), e; = 1.5+ 0.1i (dielectric layer), f = 0.6,
and we have set n = 0.04 for the parameter ruling the
structure homogenization. Following the above discussed
procedure, we have solved Eqgs. (41) with periodic boundary
conditions along the X axis and we have evaluated the tensors
of Egs. (39) thus obtaining a diagonal effective dielectric
permittivity tensor 85;1_0 with & = 0.1235 + 4.7941i,
e = ¢ = —0.3000 + 0.7000i, a vanishing rank-three

2
tensor afjﬁﬁ, and a rank-four tensor ﬂl(ff? = 57 ﬁfj’f?

—0.1720 + 0.12691,

o . efl
whose nonvanishing entries are ﬂﬁlﬂl

B, = B = —0.0058 — 0.0082i, Bl = Blis =
—0.0802 4+ 0.0716i, B = BlSh = —0.0388 + 0.0727i,

and ngoz = —0.0029 — 0.0041i, together with the other
components obtained by permuting the first and/or the second
pair of indices. Due to its translational invariance along
the z axis, the structure admits transverse electric (TE) and

transverse magnetic (TM) modes given by
ETE — ei(kxx+kzz) Uy(x)éy ,

) 43)
Ery = el(kAx-‘rkZZ)[Ux(x)éx + U (x)&.].

In the full-wave electromagnetic description these are the
Bloch modes of the one-dimensional photonic crystal (with
periodic amplitudes U,,U,,U;), where k, is the Bloch wave
vector (in the first Brillouin zone) and k, is the mode
propagation constant which are joined by the well-known
dispersion relations of stratified media

1k Kk
TE : cos(k.d) = cos(ki d;) cos(krdy) — = (i—i—i)
2\kix ko,
x sin(kydy) sin(ka,da),

1 kix ko,
TM : cos(k,d) = cos(kydi) cos(krdy) — = 62—14—61—2
2 €1k2x €Zkl)c

x sin(kyydy) sin(ky,ds), (44)
where d is the structure period, d; = fd, dy = (1 — f)d
are the layers’ thicknesses, and ki, = , /(27”)261 — k2, ko, =

,/(27”)262 — k2. In the effective medium description the

modes of Eqs. (43) are plane waves (with uniform ampli-
tudes U,,U,,U;) whose wave vectors satisfy the dispersion
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relation

da{ (k2 + K2)83; + kik; +(2”)

el +iafs k, — ﬁﬁ?kk]}:(t (45)
In Fig. 3 we compare the results of the full-wave theory
with those of the proposed nonlocal homogenization theory.
Specifically, for both TE [Figs. 3(a) and 3(b)] and T™M
[Figs. 3(c) and 3(d)] modes, we plot for various real k, the
real and imaginary parts of the complex propagation constants
k. obtained from both Egs. (44) (continuous line) and from
Eq. (45) (continuous line with circles). In addition we also plot,
for comparison purposes, the complex propagation constants
k. obtained from Eq. (45) with a(e ™ = 0and ,Bl(ef? = 0 (dashed
line) which represent the results of the purely local effective
medium theory. From Figs. 3(a) and 3(b) we note that, for TE
modes, the predictions of the full-wave theory coincide with
those of both the nonlocal and local effective medium theory.
On the other hand, from Figs. 3(c) and 3(d) we note that, for
TM modes, the results of nonlocal effective medium theory
very well reproduce those of the full-wave theory whereas
the purely local theory is inadequate to reproduce the correct
electromagnetic behavior of the structure. This analysis reveals
the crucial role generally played by the nonlocal contributions
to the effective medium response.

IV. ELECTROMAGNETIC CHIRALITY

A. Reciprocal bianisotropic metamaterial response

Let us focus here on the situation where the contributions
of order n* in Eq. (38) can be neglected. It is well known
that in this case the effective medium first-order nonlocal
response is equivalent to a reciprocal bianisotropic response
which is referred to as an electromagnetic chirality [40]. In
order to evaluate the chiral tensor let us note that Maxwell
equations for the effective medium are left invariant by the
transformation

o
"=

B =B, D=

E 46
q (46)

where V_is an arbitrary vector field, since Eqgs. (8), after
defining B = poH, can be rewritten as
VxE =iwB, VxH =—ioD. 47)

This shows at the same time that the fields D and H are not
uniquely defined (as opposed to the fields E and B) and that,
for each possible vector field V, the constitutive relations

@i 0E'j
ljr ax,

B = po(ioV +H) (48)

ﬁ—e%<mw'+ >+va

characterize the electromagnetic behavior of the effective
medium. Choosing V = €;(——«;; E; ;) for the arbitrary vector
field V, where

wc ,u

fi
Kij = k()(_%emmal(fmfj) + e"’”’lafmif;&f) (49)
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and ¢;;; is the Levi-Civita tensor, and exploiting the crucial
(etﬂ (eﬁ)

antisymmetric property «;; ir Uiy s

Appendix C)

Egs. (48) become (see

— — 0 o= = I — —

D = g E — ~«"H', B = —«E + uoH, (50)
c c

where &M = ¢ 1 Ty Equations (50) show that the

effective medium has a reciprocal magnetoelectric coupling

or electromagnetic chirality described by chiral tensor « of

Eq. (49). Inserting the second of Eqgs. (39) into Eq. (49) we

obtain
Kij = nkO[eimj%‘i_ (6i171n8_jq + %emqnaij)gfmaqfn . (51)

This relation is among the main results of the present paper and
to the best of our knowledge it is the simplest expression for
the effective medium chiral tensor since it is directly evaluated
using the functions f; obtained by solving the first of Eqs. (41).
Since we are dealing with a very general and tridimensional
situation it is convenient to express the chirality tensor as [65]

k= 3Tr() + N + J, (52)

where Tr(x) = k;; is the trace of the chirality tensor, I is
the identity tensor, N is a symmetric trace-free tensor, and
J is an antisymmetric tensor. Such decomposition allows
us to classify the reciprocal bianisotropic response [40] of
the effective medium and the three main classes are Tr(x) #
0,N # 0,J = 0 for chiral media, Tr(k) = O,N # 0,J = 0 for
pseudochiral media, and Tr(x) = O,N = 0,J # 0 for omega
media.

For the chirality tensor of Eq. (51) we obtain after some
straightforward algebra

Tr(x) = Uko( 6mqn)gfma fm
Nij = nk0[§(6i171n8jq + 6jmnaiq) + %emqngij]gfmaqfna

Jij = nko[eimjm"f‘ %(Eimnsjq - ejmnéiq)]efmaqfn- (53)

B. Spatial symmetries and chirality tensor structure

A structure is chiral if it is distinguishable from its mirror
image or, in other words, if its mirror image cannot be rigidly
superposed onto it. If the structure is not chiral it is necessarily
invariant under a set of geometrical symmetries which affect
the structure of the chirality tensor . In order to investigate the
relation between geometrical and electromagnetic chirality it
is necessary to identify the symmetries of the dielectric profile
which either entail the vanishing or select a specific structure
of the chiral tensor.

Let us suppose that the metamaterial is achiral or, in other
words, that the mirror image of the dielectric profile through a
plane orthogonal to the unit vector § can be rigidly superposed
onto the original profile through the composition of a rotation
of an angle 6 around the unit vector f and a translation T. This
implies that the dielectric permittivity is left invariant by the
composition of these three transformations or

€(R’) = ¢(R), 54)

where R = X/&; is the image of the point R = X;&; obtained
through the spatial transformation

X =T + RiX;, (55)
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(a)F-§=0 or =0

>

Y =0

w>

(b) sin2(0/2) (i - )2 = %

(c) otherwise

>

w>

FIG. 4. A reflection (dotted lines) through a plane orthogonal to
the unit vector § followed by a rotation (circular arrows) of an angle 6
around the unit vector f is equivalent to a reflection through the plane
spanned by the unit vectors @ and @® and a rotation around the
unit vector & of an angle ¥ such that cos ¢ = 1 — 2sin?(£)(# - §)°.
If the medium dielectric profile is invariant under the composition of
the reflection and the rotation, three different situations are relevant.
(a) The rotation is trivial & = 0 or - § = 0 so that ¥y = 0. (b) The
rotation and the reflection are such that sin®($)(# - §)* = § so that
Yy=7ory= 37” (c) Conditions (a) and (b) are not satisfied. In
case (c) the chirality tensor vanishes whereas in cases (a) and (b) it
has a reduced structure.

where T; are the components of the translation vector and
ﬁij = R;;Sk; (or in matrix form R = RS) is the improper
rotation obtained by composing the reflection S and the
rotation R whose matrices are

Snm = 8nm - 2Snsma
. (56)
Ry = ruti + By — ¥iFm) COS O + €t SING.

In Appendix D we fully investigate the way the symmetry
of Eq. (54) affects electromagnetic chirality and as a result
we obtain that such symmetry implies the vanishing of the
chirality tensor apart from two specific situations where it
imposes restrictions on the chirality tensor structure. With
reference to Fig. 4, these cases are (a) the rotation is trivial
6 = 0 or the rotation unit vector is orthogonal to the reflection
unit vector £ - § = 0; (b) the rotation and the reflection are such
that sin?(§)(F - 8)* = 3.
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In order to discuss such symmetric situations where the
chirality tensor does not wholly vanish it is convenient to
consider the orthonormal basis

) a® x ¢
/1= G- a%y
—sin (%)é X T+ cos (%)@
\/1 —sin? (2)(F - )

Note that for & = 0 the rotation is the identity transformation
so that the rotation vector f is in this case an arbitrary unit
vector.

In case (a), the dielectric profile is invariant under a pure
reflection through a plane orthogonal to §, or a suitable rotation
around an axis belonging to the reflection plane is in order for
restoring the dielectric profile after the reflection. As is shown
in Appendix D, in this case the unit vectors of Egs. (57) are
such that Ra = &V, Ra® = a?@, and Ra® = —a® so that
the improper rotation R is a pure reflection through the plane
spanned by the unit vectors @) and &® and a rotation around
0@ of an angle ¥ = 0°. In other words case (a) deals with
the situation where the medium admits a plane of reflection
symmetry. In this case the structure of the chirality tensor
allowed by this symmetry is (see Appendix D)

2) 3)

a0 =a® xa®, @l
(57)

a® =

K = pc1PaDaOT 4 (CHGOGDT 4 CHGDGAT

+ kB30T, (58)

where 13 kGD @3 132 are four independent complex
scalars. From Eq. (58) it is evident that Tr(x) = 0 so that
if the metamaterial admits a plane of reflection symmetry it is
a pseudo-chiral-omega medium.

In case (b) the medium profile is restored, after the reflec-
tion, by a specific rotation in such a way that sinz(%)(f' -§)? =
%. As is shown in Appendix D, in this case the unit vectors
of Eqgs. (57) are such that Ra¥ = a®, Ra® = —a®, and
Ra® = —a® so that the improper rotation R is a reflection
through the plane spanned by the unit vectors 6" and @® and
a rotation around the unit vector @ of an angle ¥ = 90°. In
other words case (b) deals with the situation where the medium
is left invariant (modulus a translation) by a reflection through
a plane and a 90° rotation around an axis orthogonal to such
plane. In this case the structure of the chirality tensor allowed
by this symmetry is

K = n[K(S)(ﬁ(l)ﬁ(Z)T + ﬁ(Z)ﬁ(l)T) + K(a)(ﬁ(l)ﬁ(l)T

—a@a®hy], (59)

where k®,k@ are two independent complex scalars. From
Eq. (89) it is evident that Tr(x) = O so that if the metamaterial
has the symmetry of case (b) it is pseudo-chiral-omega
medium.

We conclude that if the medium can be superposed to its
mirror image the chirality tensor vanishes unless the rotation
needed to restore the dielectric profile is around an axis
orthogonal to the reflection plane and the rotation angle is
either 0° or 90° and in both cases it is a pseudo-chiral-omega
medium.
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C. Two-dimensional and one-dimensional electromagnetic
chirality

As an application of the above symmetry analysis let us
consider two relevant situations where the medium is geo-
metrically achiral and has a chiral electromagnetic response
nonetheless.

The first situation is that of a medium which is invariant
under translations along an axis, say the Z axis, so that its
underlying dielectric profile is ¢ = ¢(X,Y). This implies that
the structure is left invariant by a reflection though the plane
Z = 0 followed by a rotation of zero angle & = 0 around any
axis orthogonal to the Z axis, so that we set§ = €, and = &,.
Using such unit vectors, the basis vectors of Egs. (57) become

iV =e, 0¥ =¢, 0Y¥=¢, (60)

so that since the medium symmetry is of the kind (a) (see the
last paragraph), from Egs. (58) we have

0 0 T}K(B)
K= 0 0 nk@ 61)
nKGl) nK(32) 0

so that, in agreement with the considerations of the last
paragraph, the metamaterial behaves as a pseudo-chiral-
omega medium. Since such geometrically achiral medium is

J

(k@ + kCDysin ¢ cos ¢
—k® cos? ¢ + k3P sin® ¢
k13 cos ¢

K=n

where k13(¢), kCD(¢), k®(¢), and kCP(¢p) are functions
of ¢. The entries of the chirality tensor of Eq. (63) cannot
depend on the arbitrary angle ¢ so that imposing that each «;;
is constant we get k1¥ = BV = 0 and k@ = —k©®? =
and therefore Eq. (63) yields

0 nkog 0
k=|—-nx 0 O0]. (64)
0 0 0

Therefore, a rotationally invariant metamaterial around the
Z axis behaves as an omega medium whose chirality tensor
depends on a single parameter k(. This situation encompasses
the case of a one-dimensional metamaterial for which € =
€(Z) so that we conclude that Eq. (64) contains the most
general expression for the chirality tensor of a one-dimensional
metamaterial; i.e., it describes one-dimensional electromag-
netic chirality.

V. ELECTROMAGNETIC CHIRALITY
OF ONE-DIMENSIONAL METAMATERIALS

The description of the effective medium response, i.e.,
the evaluation of the tensors of Egs. (39), is achieved by
solving Eqgs. (41) for a specific dielectric distribution and
numerical integration is usually unavoidable. However there
is a situation where electromagnetic chirality can be fully
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translationally invariant we conclude that Eq. (61) contains
the most general expression for the chirality tensor of a
two-dimensional medium,; i.e., it describes two-dimensional
electromagnetic chirality. This situation also encompasses
the case of a planar metamaterial [49-53] (i.e., a very thin
metamaterial sheet) since, after the reflection through a plane
parallel to the medium plane, the sheet can be made to
superpose the original sheet through a zero-angle rotation and
a translation (which does not affect the chiral tensor structure)
along the axis normal to the medium plane.

The second situation is that of a medium which is invariant
under rotations around an axis, say the Z axis, so that
its underlying dielectric profile is ¢ = ¢(R,Z), where R =
~/X? 4+ Y2. This implies that the structure is left invariant by a
reflection though any plane containing the Z axis followed by
a rotation of zero angle 8 = 0° around the Z axis. Therefore
we set § = cos ¢, + sin ¢pé,, where ¢ is an arbitrary angle,
and £ =¢€,. Using such unit vectors, the basis vectors of
Eqgs. (57) become

o) =&, 42 =singe, — cos¢pe,,
~(3) A . A (62)
™’ = cos ¢e, + singé,,

so that since the medium symmetry is of the kind (a) (see the
last paragraph), from Egs. (58) we have

kP sin? ¢ — kPP cos?¢p kB cose
—k® + k) singcos¢p  «k3Vsing |, (63)
k13 sin ¢ 0

(

discussed without resorting to numerical analysis and it is
the case of one-dimensional metamaterials.

Let us consider a metamaterial whose dielectric profile is
such that €,(z) = &,(z 4+ d); i.e., it is a periodic function of
the single Cartesian coordinate z, whose period d is such that
d < X for the homogenization theory to be applicable. After
introducing the fast spatial coordinates (X,Y,Z) = (x,y,2)/n,
where n = d /A is the homogenization parameter, the dielectric
profile e(Z) = &,(nZ) of Eq. (4) is a periodic function of period
A. In Appendix E we show that for such dielectric distribution
&(Z), the first of Egs. (41) can be analytically solved so that the
effective permittivity of the first of Eqs. (39) and the chirality
tensor of Eq. (51) can be analytically evaluated and they are

T 0 0 0 e O
gM=10 g 0 , k=|-nw 0 0],
0 0 [e1]! 0O 0 0
(65)

where
— e(Zy) -7
=[] /dZI/ dzZe(Zﬁ[( x )
;51gn<TZ2>]. (66)

The effective dielectric tensor in the first of Egs. (65)
coincides with the well-known result of the zeroth-order
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homogenization theory of layered media. The structure of
the chirality tensor in the second of Egs. (65) shows that
the effective medium behaves as an omega medium and this
agrees with the discussion of the last paragraph, see Eq. (64),
since the considered one-dimensional medium is in particular
rotationally invariant around the Z axis. It is also remarkable
that the parameter ky of Eq. (66) governing electromagnetic
chirality in the present case can be directly evaluated from the
dielectric profile by quadratures.

VI. CONCLUSIONS

To sum up we have investigated the electromagnetic
response of a metamaterial with nonmagnetic inclusions by
a multiscale analysis and we have included spatial nonlocality
up to the second order. The resulting description is very simple
and compact since the three tensors characterizing the effective
medium response are shown to be averages (on the unit cell)
of suitable fast-varying fields which, in turn, are obtained
from the dielectric distribution by solving a small number of
electrostatic equations. If the second-order nonlocal response
can be neglected, the medium response can be recast into the
standard bianisotropic form and this has allowed us to obtain
a compact expression for the chirality tensor of the effective
medium. We have exploited our approach to investigate the
relation between geometrical and electromagnetic chirality
by proving that the latter is shown, in addition to chiral
media, even by an achiral medium whose mirror image can
be superposed onto it by means of a 0° or 90° rotation
around an axis orthogonal to the reflection plane. We have
deduced, as specific relevant examples, the chirality tensor
structure of two-dimensional and one-dimensional media and,
for the former, we have obtained a closed form expression
for the chirality parameter which can be evaluated from the
inclusions’ dielectric profile by means of quadratures.
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APPENDIX A: THE ELECTROSTATIC EQUATION

Let us consider the equation

Vi - (eVr¥) = @ (A1)

whose source term ®(R) has the metamaterial periodicity with
vanishing spatial average ® = 0 and whose solution W (R) is
required to have the metamaterial periodicity. Equation (AT)
can be written as LW = &, where the operator L is

[ =Vg-(eVR), (A2)

so that solving Eq. (A1) amounts to the problem of inverting the
operator L on the space of functions having the metamaterial
periodicity.

Note that the relation Vg - (sWiVrW¥) = e|VrWo|? +
\Ilgi\ll holds for any function ¥, and therefore, if W,
satisfies the homogeneous equation LW, = 0 and it has the
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metamaterial periodicity, we have
/d3Re|VR%|2 :/d3RVR.(e\p3‘VR%)
c c

:/ dSeWin - VrWy =0, (A3)
aC

where Green’s theorem has been used together with the
periodicity of both ¢ and W,. The real and imaginary parts
of this equation read

/d3RRe(s)|VR\IJO|2 =

¢ (Ad)
/d3RIm(8)|VRWQ|2 =

C

and therefore, since we are considering dielectrics without gain
for which Im(e) > 0, we obtain Vg¥y = 0 or ¥y = constant.
This implies that the function W' = W 4 W, satisfies Eq. (A1)
and the boundary conditions if W(R) does and therefore
Eq. (A1) and the periodic boundary conditions determine W
up to an arbitrary constant.

Setting ¢ = 1 in Eq. (A1) we obtain the Poisson equation
Vf{\IJ = ® for which the above considerations hold so that ¥
has to be determined with the metamaterial periodicity up to
an arbitrary constant.

APPENDIX B: TENSOR PROPERTIES OF THE
EFFECTIVE MEDIUM RESPONSE

A straightforward calculation shows that the relation

Wid — LW = Vg - [e(WVRD — dVRV)], (B1)

where L is the operator defined in Eq. (A2), holds for any
pair of functions W and ® so that, if both these functions have
the metamaterial periodicity after using Green’s theorem we
obtain

f APRYLD = f d’ROLW. (B2)

c c

Let us consider a function W(R) which has the metamaterial
periodicity. The average £9; ¥ can be rewritten as

530 — —/d3R58\IJ_ ——/d3R\IJ8£ (B3)

where integration by parts and the periodicity of both ¢ and W
have been used. Using Eq. (15) we obtain

— 1 .

eV = —/ &’RYL; (B4)
Ve

so that Eq. (B2) with ® = f; yields

1 R

PER —/ d’RfLW. (BS)
Ve

(eff) _

Using Eq. (B5) with ¥ = f;, the rank-two tensor As

€0 f; ; can be written as
Ae® — PRELf = 1 &IRFLf (B6)
ij V c i j— v c J i

where Eq. (B2) has been used and therefore As(efﬂ Ae(em.

184207-11



ALESSANDRO CIATTONI AND CARLO RIZZA
Setting W = W,;, Eq. (B5) becomes
— 1 3
Eaier = — de,Ler
Ve
1
=3 [eRpaen o @)
c

where Egs. (26) and (18) have been used together with the
property f; = 0. After integrating by parts the first term we
get

e Wyj =€, fi)fj — O fi- (B8)

Therefore the rank-three tensor a =nei fj + A W,;)
becomes
(B9)

o = 00w f; — O s

fi=0.

where use has been made of the fact that f; =
Setting ¥ = v;, Eq. (BS5) becomes

1 R 1
edv; = V/CPRf,-Lv,- = V/CPRA,jea,f,-, (B10)
C c

where the second of Eqs. (34) has been used and integration
by parts has been performed. Noting that Eq. (18) and the

second of Egs. (23) can be combined to yield €9, f; = —&8,; —
#V%Ari + O,:, we obtain
0
1 3 |
88,-vj = = d RA”' — 85”' — _ZVRA”
V]c kg
1
= —¢A;; + pVRAn' - VRA,j, (B11)
0

where the property A_rj = 0 has been used and integration by
parts has been performed. Therefore, for the rank-two tensor
yl(]efﬂ = e(A;; + 0;v;) we have

(B12)

|
Vi(jeff) = —2(8XA”~)(3SArj)'
kg

Setting ¥ = R,,;, Eq. (B5) becomes

1 . 1
Ry =y [(PRALR = [ ROV (0, 1)
C C

1
- f PRI W, + 6 f )], (BI3)
C

where the first of Egs. (34) and (32) have been used together
with the property f; = 0 and an integration by parts has been
performed. From Eq. (26) we have €9, f; = —&6,; — 9,(ef;) +

0, — I:Vh which inserted in Eq. (B13), after using the
property W,; = 0 and integrating by parts, yields

F0 Ry = — / ARGy ff; + 8 W) — Wy LW,

(B14)
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(eff)

ijsr —

With the help of this equation, the fourth-rank tensor
17728(5” W, + 6iyWsj + 0; Ryj + 0; R.yj) becomes

2
n
BET = _7/ RSy fi )
C
)72

ZV/d3R(WULW,,+W,]LWA,) (B15)

Using Eq. (B2) it is straightforward to show that ﬁl(;’f? ,Bj‘:’f?;

i.e., the tensor is symmetric with respect to the pair of

indices ij. After symmetrizing these indices, i.e., setting
(eff) __ 1/ p(efh) (eff) . .

Biisr = 5(Bi;sr + Bjisr)» and using Eq. (26), we obtain

ijsr ijsr Jisr
B = n*e(=8u fi 1)
77
4 (er WY] + Qsz Wr] + er Wn + QY] Wrz)
nz

S(fiarWsj + ﬁaser + fjarWsi + fjasWri)7
(B16)

4

or, equivalently,

2
(eff) n
ﬁi;vr = Z(Qri Wsj + Qsier + er Wi + Qsj W:i)

2
n
- Z[fl(Prsl + Psrj) + fj(Prsi + Psri)]-

(B17)

APPENDIX C: EFFECTIVE MEDIUM
ELECTROMAGNETIC CHIRALITY

In order to show that Egs. (50) hold, let us first prove that
the relation

1 1
(eff) _
o, + g CirkKy = T €irkkii (ChH
is satisfied. Using Eq. (49) we have
1
f
Oti(;,f) + —(€irkkij — €jrikii)
ko
LI (ef) (ef)
ljr + 2( Elrkenmkanmj +€1rk6nmkanm,)
— 1 (eff) .. C2
Eenmqanmqeljr ( )
which, after exploiting the relation €,pr€cqx = 8ucSpd — SadSbe
and the antisymmetric property afjefﬂ = affﬂ, becomes
f
ozf;,f) + —(GirkKkj — €jrkKri)
ko
fi fi f f
= o) +all — Ee,,,,lqoz,g;f;e,‘jr. (C3)

(eff) +a(efﬁ +a( eff) »

ijr rij jri s completely antisym-

(eff) _

The tensor Fjj, = q;

metric since, using again the antisymmetric property o,

ijr T
oz;‘:ffrﬁ, it is straightforward proving that Fj;, = —Fj;, =

—F;,j = —F,j;. Since every completely antisymmetric three-
rank tensor in a tridimensional space is proportional to
the Levi-Civita tensor, the relation Fjj;, = Fe;j holds and
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the scalar F is given by F = lenmq Fumg since the relation

€nmq€nmg = 0 holds. Using the antisymmetric property (xfjeﬁf) =
;ftrﬂ we obtain F = 3€,mqasy) so that
f ff) 1 f
o T tap = Fi = femgogne, (€4

which, inserted into Eq. (C3), shows that Eq. (C1) is satisfied.

Inserting the expression V = &; (wcu ki; E ;) into the second

of Eqs. (48) and using the relation E’ = E we obtain

B =¢ (%,F,») + uof, (C5)
c
which coincides with the second of Eqgs. (50). Inserting the

expression V = €; (oo ki JE ) into the first of Eqgs. (48) and

using the relation E/ E we obtain

— . . 1 AE’;
D =g 80|: (ﬁ)E’J —i—( f]fﬂ—}- I e,,kKkJ>WJ}

— 1 IE';
— & COFT e
= e180|:8ij E/] k()KklEkr] axr :|, (C6)
where Eq. (C1) has been used together with the antisymmetry
of the Levi-Civita tensor. Exploiting the first of Eqs. (47) this
equation becomes

D_ = e 80( (eff)E/ — iCKkiﬁk) (C7)
which, using Eq. (C5), yields

D =g |:80( + Kklickj)F- - I—Kkiﬁk:|, (C8)
c
which in turn coincides with the first of Egs. (50).

APPENDIX D: STRUCTURE OF THE CHIRALITY
TENSOR IMPOSED BY SYMMETRY

In order to discuss the impact of the symmetry of the
dielectric profile on the chirality tensor, it is essential to
investigate preliminarily the transformation rule of the fields
fi; induced by the dielectric symmetry. Differentiating the
permittivity e(R’) with respect to X! and using Eq. (54) we
obtain

(% €)r = R;j(3;€)r, (D1)
where I?i‘,- = Rj;Skj. Let us now consider the functions
fiR) = fi(R) (D2)
for which, using again Eq. (54), we have
[V - (eVRf)IR = ! [G(R')aﬁ(R,)}
X, X,
= Rru Ronld, (€0, f))Ire
= [Vr - (eVrfD)]r, (D3)

where the relation R,, Ry, = 8. stating the orthogonality of

the improper rotation R, has been used. Combining Eq. (D3),

the first of Egs. (41) evaluated at R’, and Eq. (D1) we obtain
Vi - [€VR(R;; f)] = —dje, (D4)

which structurally coincides with the first of Eqs. (41) and
which shows, by the uniqueness of its solution, that R;; f/ =
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fj. From Eq. (D2), we thus conclude that the symmetry of the
dielectric permittivity entails for the functions f; the property

fiR) = R;; f;(R). (D5)

From Eq. (51) we note that the chirality tensor depends
on the rank-one tensor ¢f,, and rank-three tensor &f,, 9, f,
whose geometrical properties have to be separately considered.
Using this equation, exploiting the fact that the improper
rotation is orthogonal (so that |det(R)| = 1), and noting that
the transformation in Egs. (55) superposes a metamaterial unit
cell C onto another metamaterial unit cell C’, we have

L f PRER) [, (R)
v C/

%:

_ ! / PPRe(R)R,; fi(R) = Ryiefr.  (D6)
Ve

After differentiation, Eq. (D5) yields
(aj ﬁ)R’ = Rjn Eim(all fm)R

so that, reasoning as in Eq. (D6), we have

N 1
rs\fmaqfn = V

D7)

y d*R'eR) f,,(R) (3, fi)r

1 - - .
< / PREQR) R f:(R)Ryp ROy f e
C

= R Iéqp ﬁnj &fidp fi-

Equations (D6) and (D8) state that the vector % and the tensor
&m0y [, are geometrical invariants of the improper rotation R.
Since R is an improper rotation (RRT =1 and det(R) =

—1), it is diagonalizable and its eigenvalues are A; = e'’,
A =e ¥, A3 = —1 (where 0 < ¥ < 27). In order to relate
¥ to the original reflection and rotation we note that Tr(R) =
A1+ A2 + A3 = 2cos ¥ — 1 whereas from Egs. (56) we obtain
Tr(R) = RSk = 1 — 4sin*(§)(ris;)* so that, equating these
two expressions, we get

(D8)

2 (0 e a2
cosyy =1 —2sin 3 (r-8)". (DY)
The matrix R admits three eigenvectors w(), w® w® such
that RW™ = A, W™, and they satisfy the orthogonality and
completeness relations

w W™ = 8y, w Wl =85 (D10)
Therefore the matrix R admits the spectral decomposition

Rij = hy w(") (." * o that, after setting

8_fi = Vnwl(n)v 8f,3 f] = mqnw(m)w(q) 5 )7 (D11)
with the help of Egs. (D10), Egs. (D6) and (D8) become
Vi = XV, qup = )"m)\q)\p qup9 (D12)

where no summation is performed over the indices.

From Egs. (D12) it is evident that all the components
of V, and W,,, vanish unless the coefficients A, and
AmAgh, are equal to 1. Since the allowed values for A, are
{—1,e'V, eV} and those for A, A A, are {—1,e'V e 'V, —
eV, — eV 3V _ @31V} itis evident that the only possible
cases where some of the components of V, and W,,,, do not
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vanish are for ¢ = {0, % 37" 2?”,47”}. As a consequence these

values of 1, corresponding to classes of original reflections
and rotations, lead to nonvanishing chiral tensors.

Let us now discuss the various classes of original reflections
and rotations corresponding to the allowed values of ¥. In
order to simplify the treatment let us consider the three vectors

A(3) A
a”) x
a = 4@ x a®, a® = ’
V1= (& 0a®)2
- (0 0
—sin (5)8 x £+ cos S

\/1 — sin? (2)(k - )

which are easily seen to have real components and to form an
orthonormal and positively oriented basis; i.e.,

ﬁ(n) . ﬁ(M) = 8}’”117 ﬁ(n) X ﬁ(m) = enmrﬁ(r)~ (D14)

The second of Egs. (D14) implies that the vectors of Eqs. (D13)
satisfy the relation

(m), (m) _

= Sénim (" u l(.m)ug”)),

(D15)

k
€imj M( ) =

which is particularly useful for the developing of the present
analysis.

Case ¥ = 0. From Eq. (D9) we deduce that this case
geometrically occurs both for a trivial rotation (¢ = 0) and
for a nontrivial rotation whose unit vector is orthogonal to the
reflection unit vector (6 # 0, T - § = 0). Since a trivial rotation
is the identity transformation its rotation axis is arbitrary and
therefore even in the first subcase we set f-8§ = 0. In both
subcases, it is straightforward proving that the eigenvectors of
R are the vectors of Egs. (D13), i.e., W) = &, and that, for
- § = 0, they reduce to

0 0
aV =¢, a® =cos| = )§xt+sin( = ]S,
2 2
. (3) . 0\, . AW
0¥ = —sin| = )§ x t+cos | = 8.
2 2

Since for ¥ =0 we have A; =1, A, =1, A3 = —1, from
Eqgs. (D12) we deduce that V3 = 0 and W,,,, = 0 if only one
or three of the indices mgn are equal to 3. Using Egs. (D14),
(D15), and (D16), from Egs. (D11) we get after some algebra

@,
J

(D16)

3). (2
6im_/‘gfm = Vl (Mf )M(<) —Uu;
(1) (3) (3, (1)
+ Vo (u; —u;u}’),

(Wa33 — W322)M( ) (3)
+ Wi — WZI])M(3) (1)

€imn€. m8 n
&fndy fo = D17

+ (Ws31 — Wm)u( ) (3)

+(Wina — Waapuf® )MEIZ)-

Inserting these quantities into the definition of the chirality
tensor of Eq. (51) and noting that €,,,,& f1, 9, fn = 0 since ad .
0® =a? . a® = 0 we get

ININE) 3) 2) (3
=77( a3, () ()+K(31) () ()+K(23)u§)u§)

+ K

(2P D), (D18)
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where k1 = ko(Vs + Wazs — Wan),  «CV =ko(—=Va +
Wiia — Wan), k@) = ko(—=Vi + Wiz — Wiz3), and
kB = ko(V, + Wiap — Way) are four scalars which are
mutually independent since they depend on ten independent
scalars. In matrix form the above chirality tensor reads

K = n(cVaOaDT L BLgAFMOT
+ PP 4 ( FRaDa@T, (D19)

Case ¥ = ’2’ =-. From Eq. (D9) we deduce that this case
geometrically occurs if the reflection and rotation unit vectors
and the rotation angle are such that sin*($)(f - §)* = 1. In this

case it is straightforward proving that the eigenvectors are

W — Lz(ﬁa) +ia®), WO = L(ﬁm — i@,
(D20)
w® — a®.
Since for ¢ = %37” we have Ay = i, Ay = Fi, A3 = —1,

from Egs. (D12) we deduce that V; =V, =V; =0 and
Wingn = 0 if it does not occur that one of the indices mgn
is equal to 3 and the other two are both equal to 1 or 2. Using
Egs. (D14), (D15), and (D20), from Egs. (D11) we get after
some algebra

6lmj gfm 07
2 (
” 322

x(u(l)u(z)—i—u(z) (1))

€imn€fmOy frn = Wass — Wiz + Waip)

I
+ E(W322 — Wz + Wiz — Wapp)

X(u(l)u(l) +u(2) (2)) (D21)
Inserting these quantities into the definition of the chirality
tensor of Eq. (51) we get

s = e @Ou® + 1P 4@ (PP —

L

u(2)u;2))]’

i

(D22)

where «©) = %(an — Wazs — Wiis + Wap) and «@ =
%(Wyz — Was3 + Wii3 — W3q1) are two scalars which are
mutually independent since they depend on four independent
scalars. In matrix form the above chirality tensor reads

K = plk®@VEOT + a7y 4 (@@EOFOT _ g@aAT Y],

(D23)

Case = 2” 4” . From Eq. (D9) we deduce that this

case geometncally occurs if the reflection and rotation unit

vectors and the rotation angle are such that sm2( )E - 8) =

. Since for ¢ = 2”,47” we have A = %(—1 + i«/g), h =
2( 1Fiv/3), A3 = —1, from Eqgs. (D12) we deduce that
Vi=V,=V3=0 and W,,, =0 if it does not occur that
m=qg=n=1orm=q =n =2 (i.e., only the components
Wi11 and Wy, survive). From Egs. (D11) we directly get
(D24)

eimjgfm = 05 Eimngﬁnaq.fn = 07
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so that from the definition of the chirality tensor of Eq. (51)
we obtain

Kij = 0; (D25)

i.e., the chirality tensor vanishes.

APPENDIX E: EFFECTIVE MEDIUM RESPONSE
OF ONE-DIMENSIONAL DIELECTRIC MEDIA

Let us consider a metamaterial whose dielectric profile is
e(Z); i.e., it is dependent on a single Cartesian coordinate.
The dielectric profile £(Z) and its inverse [e(Z)]~! can be
represented through the Fourier series

+00 +oo
e2)= Y "%, [«2)]'= ) "™%b,, (ED)

n=—0oo n=—o0oo

where ko = 27 /A and

1 .
ay = — | dZe "Zg(Z),
A Jo
N (E2)
l dZe "MoZr o 7)1~
7 e [e(Z2)]

0

bl‘l

are their Fourier coefficients. Due to the generality of
the Fourier series representation, the situation we are here
considering allows us to investigate even discontinuous di-
electric distributions, a relevant situation occurring when
the metamaterial is a stratified layered structure, without
explicitly resorting to matching condition on the surfaces of
the inclusions. Note also that

ap =€, b() =g 1, (E3)

For the one-dimensional dielectric distribution &(Z), the
functions f; satisfying the first of Egs. (41) are evidently
dependent solely on Z, i.e., f; = f;(Z), so that such equations

yield
d ( df;
— si =0, j=1,2,
dzZ\ dZ

d ( dfs de
e ) = 2=,
dZ\ dZ dzZ
which have to be solved with the requirements that the

functions f; have the same periodicity as ¢(Z) and have

vanishing average Tj: 0. After an integration Eqs. (E4)
become

(E4)

afi _ G

= —) J= 192’
dzZ e
(E5)
a“h_ G
az g’

where C,C,,C5 are constants. Averaging Egs. (ES) over the
metamaterial period, using Eqgs. (E3), and noting that the
average of their left-hand sides is zero since they are derivatives
of periodic functions, we get

0=Cjb01 .]: 1’2»

(E6)
0= -1+ C3by,
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which, assuming by # 0, imply that C; = C, =0 and C;3 =
1/by. Accordingly, from the first of Eqs. (E5) we obtain that
f1 and f> are constants so that, requiring their average to be
zero, we get

fi=fo=0. (E7)

Using the Fourier expansion of ! of the second of Egs. (E1),
the second of Eqgs. (E5) becomes

+00
% = > e""kozl;—” (E8)
n=—00,n#0 0

which, after an integration and the requirement for f3 to have
vanishing average, yields

+00

. b,
Z elnkoZ _7r (Eg)

f3 - ink()b() '

n=—00,n#0
Combining Egs. (E7) and (E9) we obtain for the functions f;

+00

2: einan b"
l'nk()bo7

n=—00,n#0

£ =5 (E10)

which are fully determined by the dielectric profile ¢(Z) and
they are unique as a consequence of the chosen constraints
(periodicity and vanishing average).

Using Eq. (E10), the first of Egs. (40) becomes

+o00 +00 b

imkoZ inkgZ 1
Qij = E "% ay, | | 8ij +8i3dj3 E e e
m=—00 n=—00,n#0 0

(E11)
which, inserted into the first of Eqs. (39) and neglecting the 1>
contribution, yields

1 ~+00
85;5&) = SijaO + 8i38j3b— Z a_,b,.

n=—00,n#0

(E12)

Averaging the relation ee~! =1 and using Egs. (El)
the relation T 4 b, =1 easily follows so that

n=—00
2 om0 @-nby = 1 — aoho and Eq. (E12) becomes

e 1
67" = (8i18)1 + 8128 2)a0 + bdjp—,  (EI3)
' 0
or in matrix form
e 0 0
=10 ¢ _0 | (E14)
0 0 [e-11!

where Eqs. (E3) have been used.
In order to evaluate the chirality tensor we note that
Egs. (E10) and the first of Egs. (E1) yield

+00

% = 6m3 Z

§=—00,5#0

a_gby
ik()b()s ’
(E15)

_— d
sfm 8(] ﬁz = 5/1138438n38f3 d_fZé
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so that, from Eq. (51), we obtain

Kij = €;j30K0, (E16)
where
i > ab
=— — El7
“ bo s=§s#0 1
In matrix form, Eq. (E16) reads
0 nkg 0
k= | —nko 0o 0 (E18)
0 0 0
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Inserting Egs. (E2) into Eq. (E17) we obtain

) N 2 7 +00 i2ns(Z];Z2)
KO:,_Z/ le/ deg( 1) Z ¢ 7
bo)» 0 0 £(Z2) s=—00,5#0 §

(E19)

After noting that the even contribution in the numerator
within the series does not contribute and using the rela-
tion Zﬂo gl"(zmé) =m[-&+ %sign(&)] valid for |£]| < 1, Eq.
(E20) yields

— e(Zy) -7
=[] x2/ /‘lzzdzz)[( A )
1 Z>
_ESgn<T>}’

where the first of Eqs. (E3) has been used.

(E20)
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