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To discuss the properties of metamaterials on physical grounds and to consider them in applica-
tions, effective material parameters are usually introduced and assigned to a given metamaterial.
In most cases, only weak spatial dispersion is considered. It allows to assign local material prop-
erties, i.e. a permittivity and a permeability. However, this turned out to be insufficient. To solve
this problem, we study here the effective properties of metamaterials with constitutive relations
beyond a local response and take strong spatial dispersion into account. The isofrequency surfaces
of the dispersion relation are investigated and compared to those of an actual metamaterial. The
significant improvement provides evidence for the necessity to use nonlocal material laws in the ef-
fective description of metamaterials. The general formulation we choose here renders our approach

applicable to a wide class of metamaterials.

I. INTRODUCTION

Assigning effective material properties is a main
problem in the macroscopic description of optical
metamaterials™. The desire of replacing such materials
by hypothetical, homogeneous ones rises from the simpli-
fication when discussing them within a physical frame-
work. Omnce a metamaterial is homogenized, it might
be described and discussed on the same level as a nat-
ural material by its effective material properties. More-
over, addressing numerically the wave propagation in-
side a homogeneous material is more efficient, i.e. less
computational effort is required, than in performing a
rigorous computation of the full structure. However, it
is of utmost importance that both descriptions for the
same metamaterial, i.e. the actual and the homogenized
metamaterial, provide the same response, up to a certain
accuracy, to the electromagnetic field. Otherwise the ho-
mogenization procedure is meaningless.

Various techniques have been established to assign ef-
fective material properties to optical metamaterials® 13,
However, most previous techniques assume local consti-
tutive relations, i.e. in a homogeneous material, the func-
tional dependency of the auxiliary fields, D and H, is a
linear combination of the macroscopic fields E and B, in
which the coefficients are spatially independent™#15
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éw)B(r,w) + {(w)B(r,w),
H(r,w) =i (w)B(r,w) + (@) E(rw). (1)

These equations are usually called local bi-anisotropic

material laws, with effective material parameters €, [, £

and é , where the hats refer to the quantities being ten-
sors. A comprehensive review might be found in Ref.
Although such constitutive relations are usually as-
sumed, they exhibit several limitationdI 219, In particu-
lar, the effective properties are only tensors that do not
depend on the considered spatial frequency. However,
they turn out to be inadequate when considering light
propagation inside the metamaterial in an arbitrary di-
rection and not just in the direction that was considered
in the retrieval procedurél™0 Moreover, whereas it can
be safely expected that such constitutive relations are
valid when considering metamaterials for which the op-
erational wavelength is much longer than the size of the
unit cell, they fail to be predictive for most metamaterials
that are operated in a regime where the wavelength is not
much smaller than size of the unit cell but only smaller.
Such operational regime, unfortunately, is necessary to
observe many relevant dispersive effects.

To overcome these limitations, we propose in this work
two formulations for advanced constitutive relations in
order to model metamaterials beyond a local response
and to take strong spatial dispersion into account. The
applicability of these models is investigated. The justi-
fication for such models is derived by studying here the
isofrequency surfaces of the dispersion relation obtained
by our models that are compared to those of an actual
metamaterial when considering the fundamental mode,
i.e. the mode with the smallest imaginary part in the
propagation constant. We find clear evidence that it is
necessary to consider strong spatial dispersion, i.e. non-
local constitutive relations in the effective description of
the metamaterials. We emphasise that in this contri-



bution we study the bulk properties of the metamate-
rials in terms of the dispersion relation and/or isofre-
quency plots for the eigenmodes that are supported by
the metamaterial. To make that approach viable requires
also the formulation of additional boundary conditions to
solve the problem how the modes couple at the interface
from one medium to the other. These additional bound-
ary conditions for the materials considered here are be-
yond the scope of this contribution and will be discussed
elsewhere®?. In the context of nonlocal constitutive rela-
tions, comparable approaches were already employed to
effectively homogenize metamaterials beyond their local
regime?l28 However, very often they required a spe-
cific geometry for the metamaterial that motivated the
formulation of specific constitutive relations. In contrast,
in this work we propose a scheme based on a phenomeno-
logical ansatz that can be applied to any periodic meta-
material made of subwavelength, resonant unit-cells to
describe homogenized metamaterials.

This paper is structured as follows. In Sec. [[] we in-
troduce our models from a very general ansatz. Taking
a specific fishnet metamaterial as an example, we apply
in Sec. [T our models to describe its dispersion relation
and to show the improvement, compared to a dispersion
relation derived with a local materials law. Discussion
and conclusion of this work are contained in Sec. [Vl

II. CONSTITUTIVE RELATIONS

Let us consider a periodic metamaterial in which the
inclusions are intrinsically non-magnetic and reciprocal.
We consider time-harmonic fields and only a linear re-
sponse. It is therefore legitimate to assume that the elec-
tromagnetic response may be completely described by a
non-local electric response, which can be written as the

following integral form®
D(r,w)= | R(r, v w)E(r w)dr (2)
RC‘:
and
H(r,w) = py ' B(r,w), (3)

where the kernel R represents the electric response ten-
sor, that spatially links in a nonlocal fashion the electric
field E to the displacement field D. In a homogeneous
medium, the response kernel does not depend on the ex-
act spatial position but only on the difference between
two considered points in space. This suggests that the
kernel R in Eq. reduces to a difference kernel, i.e.
D(r,w)= | Rr—r" w)E@ w)dr, (4)
RB
which is a convolution integral. It is more convenient
to formulate this constitutive relation in spatial Fourier
space, such that the convolution becomes a product

D(k,w) = R(k,w)E(k,w). (5)

This expression is too general for practical purposes. In
order to reach useful constitutive relations, we assume
that the unit cells are sub-wavelength and the kernel can
be expanded into a Taylor expansion with respect to the
spatial frequency k. Up to the fourth order expansion,
the kernel reads as the following

Do(k,w) = (6ap + aap)Es

baﬁvkvEﬁ

CaprskrksEp

dapysckykskcEs

+ eaprocokykskckoEs + HO.T.,  (6)
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where Einstein’s summation convention has been used.
Note that all coefficients are in general complex func-
tions of the frequency w. In the long wavelength limit,
i.e. |k| — 0, spatial dispersion disappears and the con-
stitutive relation reduces to the one known from an
anisotropic medium with only an electric response in its
local description, i.e.

Do (w) = (8ap + aap)Es

with the linear electric polarization P, = aagEs. There-
fore, the first line of Eq. @ refers to the local permittivity
of an anisotropic medium with

€ap(W) = bap + aap(Ww) .

In order to determine the nature of the higher order
terms, we perform an inverse Fourier transform to real
space. For plane waves, an inverse Fourier transform to
the real space would lead to higher order derivatives of
the electric field with respect to spatial coordinates at
the same position where the displacement field is to be
evaluated, whereupon the constitutive relation becomes

oF
Do(r,w) = (dap + aap)Ep + baﬁv#
vy
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where all coefficients were multiplied by a prefactor
(=)™, with n being the order of the spatial derivative.
To be able to practically work with feasible constitutive
relation, particular in the context of metamaterials, as-
sumptions to these coefficients have to be made in order
to reach well established effective medium theories that
shall describe the actual metamaterial. For instance, a
frequently made assumption is that

+HO.T., (7)
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Caﬁ'yé(w)m = [V x4(w)VX]ag - (9)



If these assumptions are met indeed and it is further-
more assumed that all higher order terms vanish, local
constitutive relations identical to those in Eq. can
be derived by exploiting degrees of freedom that allow
to suitably gauge Maxwell’s equations. The first as-
sumption leads to a local optical activity (gyrotropy),
whereas the second assumption leads to a local magnetic
permeability!?, respectively. We will refer to these as-
sumptions as the weak spatial dispersion (WSD) approxi-
mation. “Spatial dispersion” because it results form non-
local material laws and “weak” because there is a trans-
formation that gives local constitutive relations, with a
local magnetoelectric coupling and a local permeabil-
ity, hence a local bi-anisotropic medium. However, it
has been already shown that these assumptions are not
enough to adequately describe the dispersion relation of
an actual metamaterial beyond the paraxial regimel?. In
a principal coordinates system, dispersion relations ob-
tained from WSD are either of the hyperbolic kind, if
the principal components of the permittivity or the per-
meability have opposite signs, or of the elliptic kind oth-
erwise. However, most metamaterials with a nonlocal
response usually show dispersion relations that widely
differ from hyperbolas or ellipsoids. Exemplarily, we
study in the following one example for a metamaterial
where the dispersion relation of the fundamental mode
indeed differs from that obtained within WSD. This sug-
gests that the WSD approximation is not enough and we,
therefore, need to go beyond it and have to retain higher
order terms in the expansion. Here, we retain up to the
fourth spatial-derivative of the electric field in Eq. @

In order to proceed, we assume WSD as a starting
point and extend it into two directions. In our first
model, we extend WSD by a, quite similar, but fourth
order law in which the fourth order expansion coefficients
take the following form

84

! R
F T N = [V XV X w)V x Vx]as

(10)

eapryoco(w)

where 7 = diag(Ngs, Nyy, M22) is a diagonal matrix and
represents a higher-order material parameter. This spe-
cial form is chosen due to mathematical reasons. The
coefficients that obey Eq. do not change the varia-
tional class of Maxwell’s equations and hence, interface
conditions may be found by means of variational meth-
ods. Even higher order terms again are assumed to van-
ish.

Our second model remains to be a second order law but it
strictly orients on symmetry considerations of a unit-cell
of a specific metamaterial. Specifically, it takes more co-
efficients into account than those that lead to local consti-
tutive relations, i.e. assumptions and @ The model
takes every coefficient into account as required by the
symmetry of the considered metamaterial. The tensor
elements of the kernel in Eq. reflect the spatial sym-
metry of the actual structure. The degrees of freedom
that the kernel might have can be reduced considerably

depending on the symmetry of metamaterials. In this
approach, we do not include fourth order terms in ex-
pansion @, as it already gives significant improvements
compared to WSD. The treatment of both approaches
simultaneously, i.e. retaining both unit-cell’s symmetry
conditions and a fourth order response, in principle, can
be applied but the analysis becomes much more involved
and is beyond the scope of this paper. In both models
and for the sake of simplicity, we only consider meta-
materials whose unit cells have a center of symmetry.
By the presence of this (spatial inversion-)symmetry, all
odd terms in expansion @ vanish, hence no gyrotropic
medium or optical activity is considered. However, it has
to be stressed that this is not a general limitation. It is
done here to concentrate only on one specific aspect.

A. Analysis by retaining fourth order response

Let us now investigate the dispersion relation and the
consequences that arise from the following material law

Da(kaw) :€aozEOé - [k X (’Ayij)]a/gEb’
+ [k x k x ik x kx]ogEs.  (11)

This is a direct extension of WSD by the next higher
order response such that Maxwell’s equations remain of
the varuatuinal class. Hence, boundary conditions may
be found by means of variational methods.

In general, the dispersion relation can be derived by solv-
ing the wave-type equation

kExkxE+kD[E]=0. (12)

This represents three coupled equations of second de-
gree for the spatial frequency k. Under the assumption
that £, = 0 and considering the z-direction as the prin-
ciple propagation direction, the dispersion relation for
the transversal electric (TE) mode can be found. The
dispersion relation expresses here the functional depen-
dency of the frequency and the wave vector components.
In TE-polarization the mode has a non-zero electric field
component normal to the k,-k,-plane. The dispersion
relation reads as

2
k2paa + k2pez — (K2 + k2) " yybaciizz kg = €yylizatiz=kg ,

1

where p;; = TR The solutions are

k2 (Ko, ko) = —k2 +pg °

£/ (8F )2 — gF® + 202 (pTF — pTF) (13)

with the frequency dependent coefficients

TE (ko) = €yy(ko)

a nyy(ko) ’
PR (ko) = [2k3ny (Ko tiaw (ko))
P (ko) = [2k8nyy (ko)pzz (ko)) ™ (14)



where ¢1© has the dimension of m~* and both pt® and
pT® the dimension of m~2. For the transversal magnetic
(TM) mode, i.e. the mode that has an electric field in the
k.-k.-plane, we obtain

k?cemr + kgezz - kikf(ﬁmﬂm + GZZWZZ)/“yyk?)
_(k;leza:nzz + kﬁezznzz)ﬂyyk(% = ezxezzﬂyykg 5

with the solutions

1
k2 (kg ko) = —=(ao ™M + af k2 + pg

2
g™ _ g™ 2
£ o+ B8] P )
where
™ €z (ko)
ko) = ;
QO ( 0) zz(k())
™ 1:2(ko)
ko) = ;
q1 ( 0) xx(kO)
-1
pEM(kO) = [2k(2)ﬂyy(k0)nrx(w)] )
™ Emm(ko)
ko) = ——=. 16
D1 ( 0) ’r]zaj(ko) ( )
Here, both ¢gi™ and ¢f™ are dimensionless, while pi™

and p{™ have the dimensions of m~2 and m™*, respec-

tively. Due to the higher number of degrees of freedom,
the functional dependency of k. (k, ko) is more advanced,
in comparison to the previously proposed relation’Z,

kWVSD (ke ko) = o (ko) + aa(ko)k2 | (17)

which represents the dispersion relation of a material
with local constitutive relations (WSD). Here, the co-
efficients oy and s depend on the polarization where for
the TE mode they read

041TE(’€0) = kgfyy(ko)um(ko) )

oI (ko) = —m (18)

and

04F1FM<]<50) = k86m(k‘o)uyy(ko) )

T _ EM(k )
a2M(k0) = _ezz(k;s) ,

for the TM mode. In general, isofrequency contours of
media described by Eq. are limited to two cases:
they are either of hyperbolic or elliptic kind. This limita-
tion is lifted by introducing more complicated dispersion
relations, e.g., our fourth order response. To illustrate
the possible features an isofrequency contour may have
when considering such fourth order constitutive relations,
Fig. |1| shows some plots of k. (k,) for a fixed frequency
ko for some generically chosen parameters. The obtained
isofrequency contours give rise to more advanced curves.
They allow for a homogenous description of an meta-
material with disperive features inaccessible by a local
material.

(19)

FIG. 1:

(Color online) Examples of isofrequency contours
decomposed into real (red) and imaginary (blue) parts for
the inner + solutions (solid red and dotted blue lines) as
well as for the inner — solutions (dashed red and dash-dot

blue lines) of Egs. and . The upper figure shows
the isofrequency contours of the TE mode for pi® = 1 +
0.5i pm 2, pi® = 1.6 — 1.5ipm 2 and ¢f © = 2+ 0.6i pm 2.
The center and the bottom figures show the isofrequency con-

tours of the TM modes for pa™ = —1 — 0.5i pm 2, pi™ =
—3.1+0.1ipm™*, g™ = —3.140.5i and ¢i™ = 3+ 0.5i, and
pa™M =35 —05ium~2, pi™M = —11.1 + 0.1igm™?, g =™

—2.140.1i and ¢i™ = 3 + 0.5i, respectively.

B. Analysis with respect to structure’s symmetry

In this model, instead of taking higher orders in the
expansion of the kernel into account, we take a deeper
look in the geometry of an actual (real) structure. As



an example we consider the fishnet metamaterial (see
Fig. 3) as a subject of homogenization. The unit cell
of the fishnet metamaterial is symmetric under transfor-
mation with respect to three orthogonal mirror planes,
i.e. the permittivity distribution obeys

e(x,y, z) = e(x, Ly, +2).

This symmetry class is also known as orthorhombic
symmetry2?, noted as Dasy. According to this consid-
eration, we can write the expansion of the displacement
field in the form

Do (k,w) = €aaBo — [k X (X)]asEs — CanaakEa
(20)

where Einstein’s summation rule applies only to 5. Here,
we assume that the local permittivity and 4 are diago-
nal. More importantly, some of the second order terms
may be written in a similar way as in the WSD. The only
difference to the WSD is the higher order susceptibility
contribution cyaaa that couples ki with E,. This term,
however, cannot be set to zero a priori for a metamate-
rial with the considered symmetry of the fishnet. It has
to be taken into account and appears on the same footing
as the other second order terms. These other terms in
k? are assumed to obey the condition that yields a local
magnetic response, i.e. Eq. @ The dispersion relation
follows from solving the wave equation as described in
Eq. . We assume equally that £, = 0 and we study a
plane with a wavevector in the k,-k.-plane. The disper-
sion relation for the TE mode is then

k?uzz + kilu/a:a: = Mmajﬂzzeyykg ) (21)

with the solutions

k2 (kay ko) = po © + g Pk (22)
where
Moo
qOTE(kO) = - ) (23)
zZZ
ng(ko) = eyyumkg . (24)

The fact that the TE mode does not experience any
strong spatial dispersion relies on the nature of the ex-
pansion in Eq. with the nonlocal response that cou-
ples only in the direction of the electric field, hence no
cross coupling between the displacement field and the
electric field as can be seen in Eq. . In contrast, a
more complicated dispersion relation is found for the TM
modes with

]{?3 (ezz + CZEzw,U/yyk(%) + ki (ea:a: + CXezz,uyykg)

—k‘g]{iiCZCX/,Lyyk‘g — ki;lCZ - k’icX = fxxezzﬂyykg ) (25)

where p;; = and ¢y = ¢jj55;. This equation is

1
1—kgvii
biquadratic in k; and k, and describes more compli-

cated isofrequencies than quadratic equations, e.g. given

by WSD. Of course, the limit (cx,cz) — (0,0) restores
the dispersion relation given by WSD. The solutions of

Eq. are

k2 (koo ko) = p1ME2 + oM+ pg ™

TM
p
+ \/(pier% +og™ = o ™)+ 2™ (plTM ki + k%)
0

(26)
with the related coefficients that read
ko)
TM (. ) — mv
dp ( 0) QCZ(kO)
™ k%
po (ko) = jem(ko)uyy(ko)a
T™ _ €xz (ko)
@ (ko) = 2¢7 (ko) ’
k2
P?M(k()) = _?OCX(kO)Nyy(kO) . (27)

It has to be noted that all coefficients have the dimension
of m™2, except p; being dimensionless. Here, we have
four independent coefficients which increase the number
of degrees of freedom to four. Previously, e.g. in Eq. ,
the dispersion relation contained only two independent
coefficients, a1 and «s, hence only two degrees of free-
dom. Moreover, and this holds for both Strong Spatial
Dispersion (SSD) models, each of the Eqgs.
yield four possible solutions for k. (k,, ko) from which two
with positive and two with negative imaginary parts.
We consider here only solutions with a positive imagi-
nary part as they describe exponentially damped solu-
tions in our principle propagation direction. In contrast
the two solutions with a negative imaginary part would
correspond to exponentially growing solutions. They are
unphysical for a passive medium. However, this still
suggests that in the actual homogeneous medium char-
acterized by material laws beyond WSD, more than a
single mode is excited at the interface where the con-
tinuity of the tangential wave vector components dic-
tates which modes are excited. To simplify the analysis,
we concentrate on investigating the fundamental mode,
i.e. the mode with the smallest positive imaginary part.
In general, the imaginary parts of the two solutions with
S(k,) > 0 may cross and a mode transition has to be
taken into account. Here as well, Fig. 2] shows some
isofrequency contours from selected parameter sets. The
complexity of their shapes suggests the ability to capture
the effects of strong spatial dispersion.

In the next section, we show the importance of retain-
ing these nonlocal effects in the effective description of
the metamaterial by directly showing the improvements
that follow from taking SSD into account, as introduced

in Egs. and .
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FIG. 2: (Color online) Examples of isofrequency contours de-
composed into real (red) and imaginary (blue) parts for the
inner + solutions (solid red and dotted blue lines) as well as
for the inner — solutions (dashed red and dash-dot blue lines)
of Eq. ‘ The upper figure shows the isofrequency con-

tours for pa™ = —1 + 0.5ium ™2, pi™ = 2.1 4+ 0.1, ¢a ™ =
2.1 4+ 2.5um™ 2, and ¢f™ = —2 + 0.5iuym™2 while the bot-
tom one for pa™ =1+ 1.11ipm ™2, pT™ = —1.1 4+ i, ¢¢M =

1.1 —0.3ipm =2, and ¢t™ = —0.2 + 2.5i pum 2.

FIG. 3: Fishnet metamaterial consisting of a bi-periodic
structure with periods A, = Ay = 600nm and A, = 200nm
with rectangular holes with the width w; = 100nm and
wy = 316 nm. It compromises a stack of layers made of two
45nm Ag layers separated by a thin dielectric spacer, 30 nm
of MgFs. The remaining space is filled with air.

III. APPLICATION TO A FISHNET
METAMATERIAL

In this section, a numerical experiment is done to get
access to the dispersion relation of an actual structure as
a reference. We consider the fishnet metamaterial shown
in Fig. |3| as an example, which is known to exhibit a

) —RKEMM)

6 L =S 6 -

38 4 42 44 46 0 02 04 06 08 1
ko(um™) k /k

FIG. 4: (left) Dispersion relation of the fundamental TM
mode for k, = k, = 0 calculated by a plane wave expansion
ansatz using the Fourier modal method (FMM) algorithm. It
shows a resonance around ko = 4.3 yum™" in which R(k.) < 0.
(right) Isofrequency contour in the xz-plane at the resonance
wavenumber.

negative refractive index at optical frequencies. The ge-
ometrical parameters are taken from literaturél. The
unit cell’s dimensions are Ay = A, = 600 nm, A, = 200
nm. The rectangular holes are made of perpendicularly
aligned nanowires with thicknesses of w, = 100nm and
wy = 316 nm. It is made of two 45 nm Silver (Ag) layers
where their permittivity obey the Drude model for met-
als, with the plasma frequency being w, = 13700 THz
and the relaxation rate I' = 85 THz. These layers
are separated by a 30nm Magnesium fluoride (MgFs)
spacer whose permittivity is assumed to be nondisper-
sive (emgr, = 1.9044) in the frequency range of interest.
Furthermore, the unit cell is symmetric with respect to
spatial inversion, i.e. e(r) = e(—r).

In order to calculate the Bloch mode dispersion rela-
tion, i.e. k, = k.(ks, ky, ko) where ko represents the wave
number in free space, a plane-wave expansion ansatz is
numerically performed. In general, k, can be complex.
Its real part, R(k.), refers to the oscillatory part while
its imaginary part, S(k,), denotes the energy loss in the
principal propagation direction. We restrict our consid-
erations to the solutions with &(k,) > 0. The dominating
Bloch mode, i.e. the fundamental Bloch mode that pre-
vails after a finite propagation length is the one with the
smallest positive 3(k,) as all higher modes experience
much stronger damping. Fig. [d] shows both dispersion
relation and isofrequency contours of the fundamental
Bloch mode for different transverse vectors k, > 0 at a
fixed frequency and for different frequencies at a fixed
transverse wave vector, respectively. Here we restrict
ourselves to the ky-k.-plane, i.e. by = 0. The mode is
TM polarized. For wavenumbers around 4.3 pm™!, we
observe negative R(k,), which implies a negative index,
i.e. momentum and energy flux propagate in opposite di-
rections. We are basically interested in homogenizing the
material around this resonance wavenumber. Figure
(right) shows the isofrequency contour for kg = 4.3 ym—!
of the real structure. This numerically obtained isofre-
quency contour of the actual metamaterial has to be



reproduced by the dispersion relation of the effective
medium from WSD as well as from both SSD with some
fixed set of parameters. The comparison is based on a
least absolute deviations fit by optimizing the parame-
ters (qo,po,q1,p1) of fundamental TM modes from the
SSD models and (aq,as) from the WSD. As a quantity
of measure, we define the merit function as the following

2k,

i2
1 k.~ (ka,ko) )|w(km)

- kgI\AM?(kIJ€0

2k, Wka) ’

with a suitably defined weight function w(k,). Here
i € {WSD, 4th, SYM} denotes the model taken into ac-
count. 4th and SYM refer to the fourth-order and to
the symmetry model, respectively. As all the expressions
were derived from a Taylor expansion for small k (see
Eq. (6)), it is legitimate to introduce a weight w(k,) such
that the fitting procedure is more focused for small k.
Here we chose an exponentially decreasing dependency,
ie.

d(ko) = (28)

w(kib) =e ) (29>

where o was chosen to be o = 2.5A,, with A, = 0.6 yum
being the lateral period of the fishnet structure. The re-
sults for a selected frequency — here we chose the worst
case scenario, i.e. at the resonance — when considering
the optimized parameters are depicted in Fig. It
shows the isofrequency contour in both real and imag-
inary part of the dispersion relation numerically calcu-
lated for the actual fishnet metamaterial and the disper-
sion relation obtained for the best fit of parameters at
the resonance frequency for the three different models
considered. The parameter set of the SSD models for the
best fit and the right signs are summarized in Table [}
For the parameters of WSD, i.e relation , we obtain
af™ = (—5.85 — 28.12i)um =2 and ai™ = —2.49 + 3.79i.
Clearly, WSD is only in a good agreement with the
isofrequency contour of the real structure in the paraxial
regime, i.e. k, < ko. Beyond the paraxial regime, we rec-
ognize from the shape of the black curves of k,(k,), that
WSD, which by nature is either an ellipse or a hyperbola,
is not enough to describe the dispersion relation of such
complicated structure. This limitation can be lifted by
considering nonlocal constitutive relations as proposed
above. The actual dispersion relation can be much bet-
ter described when homogenizing the metamaterial with
constitutive relations beyond the local model. To quan-
tify the actual improvement, we study the merit function
as a function of the frequency for the three different con-
stitutive relations obtained in here. Each value for the
merit function has been obtained from an individual fit
at a specific frequency.

Figure[6]shows the improvements in effectively describ-
ing the metamaterial with nonlocal constitutive relations
for all of the simulated frequencies. Both SSD models

Model
and sign: 4th(-) SYM(+)
po M (=1.01 — 56.621)um™2 | (—1.97 — 13.85i)pum >
pi™  [(—2.35+ 0.28i) - 10° um 2 —7.21 — 1.12i

@M 0.804 + 0.807i
g™ —26.43 — 21.80i

(—18.2 — 10.61i)ppm 2
(—27.7 + 33.951) pum 2

TABLE I: Parameter set of the SSD models for the best fit as
shown in Fig. [l Depending on the model there is always one
sign (the + sign in Egs. and (26)) that fits better to the
fundamental Bloch mode. Bear in mind that parameters from
different models have different expressions and dimensions.

are more accurate than WSD. The integrated error that
expresses how good a specific constitutive relation in a
homogenized medium can explain the actual dispersion
relation of the given metamaterial, is in average two or-
ders of magnitude better for the nonlocal material laws.
In resonance, the deviation is strongest irrespective of the
considered model. However, this is somehow expected
that the effective description tends to be inaccurate in
the resonance regime. Nevertheless, the findings imme-
diately implies retaining nonlocal constitutive relations
is required for a more realistic homogenization of meta-
materials.
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FIG. 5: (colors online) Isofrequency contours k. = k(kz)

at the resonance frequency of the fishnet corresponding to a
wavenumber of kg = 4.3 um™'. Solid (dashed) curve represent
real (imaginary) part. The blue (crosses) curves are obtained
from fitting Eq. to the reference curve (black). It shows
a good agreement up to ky = 0.3ko. The red (bullets) curves
are obtained from fitting Eq. to the reference curve and
shows a good agreement up to k; = 0.4kg. Meanwhile, the
green (diamonds) curves, which are obtained from WSD, are
showing only an agreement within the paraxial regime, i.e. for
kz < 0.1ko.

IV. DISCUSSION AND CONCLUSIONS

The aim of this paper was to introduce on the one
hand a viable route to describe homogenized metama-
terial beyond the assumption of a local response and to
show the importance of retaining nonlocal material laws
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FIG. 6: Deviations from reference (FMM) in logarithmic

scale. Over all frequencies, modeling metamaterials with non-
local material laws makes more sense for a realistic homoge-
nization.

in order to adequately describe the dispersion relation
of a homogenized metamaterial. Of course we are not
the first to work in this direction, but the approach we
have choosen here is generally applicable and does not
hinge on the assumption of a specific geometry of the
metamaterial. At the example of a fishnet metamate-
rial we have shown that WSD is not enough to prop-
erly capture the dispersion relation as their functional
dependency and their isofrequency contours — either hy-

perbolic or elliptic — are too simplistic to give accurate
predictions beyond the paraxial regime. Significant im-
provement only comes by introducing nonlocal material
laws in their effective description. These come with more
degrees of freedom, hence more complicated isofrequency
come into play and give a better description of metama-
terials. In our work we have studied the light propa-
gation in the bulk of a metamaterial and we obtained
all the coefficients that enter the dispersion relation by
means of optimization in comparision to the numerically
calculated dispersion relation of an actual metamaterial.
However, for a complete inversion, i.e. to obtain the indi-
vidual material parameters, requires finding the interface
conditions between one ordinary medium and one with
nonlocal material laws. This is subject of ongoing re-
search.
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