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Retrieving effective parameters for metamaterials at oblique incidence
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We introduce a technique to retrieve effective metamaterial parameters for arbitrary angles of incidence. It
employs the complex reflection and/or transmission coefficients of a finite slab. Explicit expressions for both
polarizations are derived and the constraints to be met for obtaining unique solutions are discussed. The
method is applied to the fishnet structure. It turns out that all retrieved parameters strongly depend on the
lateral wave vector component due to the complexity of the metamaterial structure. Thus, these parameters are
mere wave parameters rather than global material parameters. The physical effects behind this behavior are

very likely anisotropy and spatial dispersion.
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I. INTRODUCTION

At the latest, Pendry’s proposal' for a perfect lens in 2000
metamaterials (MMs) is attracting an ever increasing re-
search interest (see, e.g., Ref. 2 and references therein). The
proposed imaging system is based on a slab made of a ma-
terial with both an isotropic permittivity and permeability
equal to —1 in the same spectral domain. For appropriate
system parameters, information carried by all homogeneous
and evanescent waves emanating from an object is perfectly
restored in the image plane. The image is therefore identical
to the object. The existence of such a lens would be of cru-
cial importance to many fields, ranging from microscopic
imaging of biological objects to photolithographic optics in
the semiconductor industry. Whereas media with a negative
permittivity are readily at hand, the latter property is not
found in natural materials. Thus, the realization of media
with negative permeability can be regarded as the conditio
sine qua non for the practical implementation of a perfect
lens. It is supposed that MMs can meet this requirement.
MMs are a class of artificial matter composed of subwave-
length unit cells, which may be termed meta-atoms. They are
usually periodically arranged in space, hence forming a
metacrystal. The appropriate meta-atom design permits us to
control the interaction strength with the optical field and thus
the optical response of the metamaterial. This response may
exhibit a resonant behavior if elementary excitations such as
plasmon polaritons are excited. Under certain conditions, the
effective permittivity and permeability can be introduced,
which exhibit near such resonances a strong dispersion and
can become negative in the same spectral domain. The
implementation of optical elements or devices based on such
MNMs requires one to understand light propagation in bulk
MM for any angle of incidence (or lateral wave vector com-
ponent), including the transition conditions between different
MMs and/or MMs and conventional dielectric materials.

A brute force approach toward modeling the light propa-
gation in MMs is to rigorously solve the macroscopic Max-
well’s equations with an inhomogeneous permittivity
e(x,y,z,w) by using standard numerical techniques as the
Fourier modal method (FMM),? spectral domain finite ele-
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ment method,* and finite difference time domain method.’
However, all approaches require huge CPU and memory re-
sources. A solution to this issue is provided by classical mac-
roscopic electrodynamics. There microscopic material prop-
erties and fields are averaged over length scales, which may
be as small as some nanometers, to introduce phenomeno-
logical, macroscopic dielectric and magnetic functions as the
permittivity and the permeability. Only this simplification
paved the way for the success of electrodynamics and optics
in effectively describing the field evolution in matter.

A similar procedure can be applied in MMs, provided that
the wavelength is much larger than the period of the meta-
atom’s arrangement, and consists in averaging over an en-
semble of meta-atoms yielding effective parameters and
fields for a homogeneous MM. However, care has to be taken
regarding several aspects. First, for periodically arranged
meta-atoms, the field in the MM (in the quasimicroscopic
picture) can be represented as an ensemble of Bloch modes,
which are the normal modes of any periodic system. Due to
the small period, only the zeroth order mode will be noneva-
nescent. However, under certain circumstances, and usually
in bulk MMs, higher order modes can be excited with even
larger amplitudes than the zeroth order one and will essen-
tially contribute to the field evolution.® In this case, the av-
eraging process fails to provide reasonable results and ho-
mogenization is not possible. Usually these modes can be
suppressed by reducing the coupling between the
meta-atoms.® If this is the case, the resulting effective param-
eters do not depend on the spatial coordinates and the normal
modes in this medium are plane waves. Second, however, in
general, the complex MM structure will not lead to global
effective material parameters (refractive index, impedance,
permittivity, and permeability). Because the retrieved param-
eters are directly related to a particular field, a plane wave,
which propagates into a definite direction through the me-
dium but only indirectly to the medium itself, they may be
termed wave parameters.”® These wave parameters will de-
pend on the actual lateral wave vector. To date, to our best
knowledge, there is no access to genuine material parameters
of metamaterials. This would require ab initio calculations
for an electron gas, confined in the meta-atom, in very large
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systems (in terms of solid-state theory), which exceeds by far
the current CPU performance. Up until now, the distinction
between material and wave parameters did not play a signifi-
cant role in the literature because only normal incidence of a
plane wave, i.e., one fixed lateral wave vector (k, =0), was
considered. From the physical point of view, the dependence
of optical parameters on the wave vector may originate from
anisotropy”'? or spatial dispersion.”!3"!7 Nowadays, it has
been suggested that in the available optical metamaterials,
both effects will play their role. Glancing at implemented
MM structures (split ring with wires, cut wires, and fishnet),
anisotropy seems to be evident and, moreover, because the
meta-atom period is only about a one-third of the wave-
length, nonlocal effects (spatial dispersion) are very likely to
appear, but this cannot be proven by ab initio calculations.

The technique to derive effective parameters we use is
based on the simulated or measured complex reflection (R)
and transmission (7) coefficients of a finite MM slab.?-!8-20
In this approach, the slab is assumed to be made of a homo-
geneous medium with complex permittivity and permeabil-
ity. By inverting the analytical expressions for R and 7, one
can solve for the refractive index and the impedance. Then,
these data can be straightforwardly used to calculate both the
permittivity and the permeability.

This approach holds the potential to be extended toward
the relevant case of oblique incidence, which is the subject of
the present work. It will turn out that for both a given fre-
quency and the continuous lateral wave vector component
parallel to the MM surface, the basic quantity that can be
retrieved will be the normal wave vector component. This is
exactly the same quantity, which is obtained by solving the
dispersion relation for the Bloch modes in a, strictly speak-
ing infinite, periodic structure.® Thus, provided that the re-
trieval procedure converges with increasing MM thickness,
which is usually the case for stacks of more than five MM
layers,® the quality of this homogenization can be easily
double checked by comparing the retrieved wave vector with
that obtained by the dispersion relation.®

To sum up, at this stage, an appropriate computational
tool, in our case FMM, is used to calculate R and 7. From the
perspective of metamaterials, which are formed of meta-
atoms, this can be understood as the solution of the micro-
scopic problem since light-meta-atom interactions are rigor-
ously analyzed by solving the macroscopic Maxwell’s
equations in a medium that comprises nanostructured metal-
lic elements. The subsequently introduced effective param-
eters can then be regarded as a macroscopic level of descrip-
tion.

To date, the determination of angularly resolved effective
MM parameters has not been addressed. As already men-
tioned, we have to distinguish neatly between material and
wave parameters. For a conventional anisotropic medium,
the wave parameters can be rather simply derived from the
material parameters and such a pronounced distinction is
usually not necessary. For MMs, however, where all effec-
tive parameters explicitly depend on , the link between ma-
terial and wave parameters is not trivial at all. Only if the
dispersion relation of the fundamental Bloch mode provides
a spherical isofrequency shape, a global effective refractive
index, which is likewise a material parameter, can be intro-
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duced. This holds similarly for isofrequency surfaces that
compare to those of uniaxial or biaxial crystals. In this case,
two or three global indices might be meaningfully derived as
material parameters, e.g., the elements of the permittivity
tensor of an anisotropic medium.

If a simple set of material parameters cannot be derived,
one has to resort to the wave parameters. These wave param-
eters describe light propagation in a MM on a phenomeno-
logical level rather than analyzing it on a microscopic scale.
The MM is assumed to be homogeneous but features some
peculiarities evoked by the nanostructure. These wave pa-
rameters can be retrieved and they will be useful for predict-
ing the functionality of MMs in applications where obliquely
incident fields matter. In this context, wave parameters are
the longitudinal wave vector and a generalized impedance
only. However, if they are known, the introduction of a for-
mally correct permittivity and permeability is feasible. In the
following, these parameters are likewise understood as wave
parameters. This subtle distinction is introduced contrary to
their conventional use because they are directly derived from
other wave parameters. They are inappropriate for a global
material description, but they may be beneficially used to
describe light propagation in MMs. The question may arise
why one uses this approach if the dispersion relation of the
fundamental Bloch mode provides also the relevant normal
wave vector component. The reason is twofold. First, the
present approach holds for any MM thickness and does not
require a quasi-infinite medium. Second, only this approach
provides effective permittivities and permeabilities, even if
they vary with the wave vector. These quantities are indis-
pensably required for formulating the transition condition be-
tween unlike MMs or MMs and conventional dielectric me-
dia.

It is the aim of this paper to put forward an approach for
retrieving these angle- and polarization-dependent wave
properties of MMs. The paper is structured as follows. In
Sec. II, we shall derive equations for the normal component
of the wave vector k, and a generalized impedance. These
quantities may then be used to derive the effective param-
eters € and p which will depend on the angle of incidence
and the polarization. In Sec. III, the procedure is applied to
the fishnet MM. This geometry was chosen because at
present it constitutes the most promising variant of a nega-
tive refractive index material with relatively low losses at
optical frequencies. Issues that arise in assigning an effective
refractive index, which is basically not required for describ-
ing light propagation in MMs, are revealed. Therefore, in
Sec. IV, we shall finally discuss the relevance of the effective
parameters introduced in this paper.

II. RETRIEVAL PROCEDURE

In the present retrieval procedure, the MM is considered
to be a homogeneous slab of thickness d. The pertinent ge-
ometry is shown in Fig. 1. The unit cells are periodically
arranged in the x and y directions and the lattice axes coin-
cide with the coordinate axes. The slab’s normal points into
the z direction. The plane of incidence is the x-z plane and
the incidence angle is defined by the angle between the wave
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Substrate

FIG. 1. (Color online) Sketch of the geometry under consider-
ation. Top: the fishnet structure and the definition of the polariza-
tion. Bottom: cross section through the MM slab and definition of
the wave vector components.

vector k and the z axis. The electric (magnetic) field vector E

(ﬁ) is parallel to the y axis for TE (TM) polarization and
remains in plane upon reflection and/or transmission. The
restriction to these two principal polarizations is the only
fundamental limitation we impose in our retrieval approach.
Therefore, the effective parameters will be calculated only
for the case k,=0. Upon interaction with the structure, the
linear polarization of the light field along one coordinate axis
has to be preserved to ensure the required isotropy of the
medium.

The transmission coefficient as derived from the standard

2 X2 transfer matrices?! is given by
2a°k:
T= ZA Sks L'kc ]
oo
(@K + ak)cos(kld) - i( oIl + #> sin(k/d)
Z

(1)

where kl(k,,w)= \/ ‘;’—zzsi(kx,w)ui(kx,w)—ki is the normal
component of the wave vector in medium 'i’ and k, is the
tangential component of the wave vector. The superscripts
i e{s,f,c} denote substrate, film, and cladding, respectively.
We note that k; g, and u' are scalar quantities that may
explicitly depend on &, and w, although for the substrate and
the cladding, the k, dependence can be usually dropped. For
simplicity, in most cases, this dependence is not explicitly
indicated; however, it is always kept in mind. The tangential
component k, is preserved in all spatial domains because of
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the required homogeneity. The coefficients a/(k,, ) depend
on the polarization and are defined as

1
8i(kx’ (.0) .
(2)

Since the transmission is defined by the ratio of the elec-
tric fields, the factor A in Eq. (1) amounts to A=1 (TE po-
larization) or A=ve'u/e‘u* (TM polarization). The reflec-
tion coefficient R is given by

TE: o'(k,,w) = T™: a'(k, ) =

Wik, )

R kL‘
(k! - ak)cos(kd) +i| ok - akak) )
ozf S :
— Z
k= Kk’ '
(@K + a“kS)cos(kld) - i| o'k + o:f < |sin(k/d)

3)

By using the abbreviation k,.=a’k for the cladding
and/or substrate quantities and by 1ntroduc1ng the substitu-

tions
— 1/ —
k=k, &=akl,

we obtain expressions for 7" and R that can be analytically
inverted,

2k A
&k, + k,)cos(kd) — i(E* + kk,)sin(kd)’

T(k,8) = (4)

&k, — k.)cos(kd) + i(€ — k,k,)sin(kd)
&k, + k.)cos(kd) — i(€ + kk,)sin(kd)

R(k,&) = (5)

The slab is then fully characterized by the normal wave vec-
tor component k and the generalized impedance &. By invert-
ing Egs. (4) and (5), one obtains

k(1 = R? + k(T/A)?
(T/IA)[k(1 —R) + k(1 +R)]

kd= = arccos( ) +2mmr,

(6)

with m € 7 and

. \/kf(R— 1)% = KX(TIA) )
¢= = (R+1)2=(T/IA)?*
For normal incidence and a slab embedded in vacuum, Egs.
(6) and (7) reduce to Egs. (4)-(6) of Ref. 18. The signs of k
and ¢ can be chosen independently. They are unambiguously
fixed on the base of physical considerations.

At first, to ensure an exponential decay for light propagat-
ing in the positive z direction, the imaginary part of k has to
be always positive. This fixes the sign in Eq. (6). Further-
more, both the real and the imaginary parts of the normal
component of the wave vector have to be continuous func-
tions. Therefore, the order m is chosen as such to ensure this
continuity. By starting the retrieval in the limit N\ — o, the
branch m=0 is selected. Subsequently reducing the wave-
length and adjusting the branch number to obtain continuity
for the normal component of the wave vector permits us to
retrieve effective parameters for MM slabs of arbitrary (but
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finite) thickness at arbitrary wavelengths. The choice of the
sign of ¢ appears more involved. In the case of normal inci-
dence, &(k,,w)=ad/(k,,w)k(k,,w) is related to the impedance
Z of the film by

TE:&O&O=%%, TM:aO&0=Z%. (8)

For normal incidence, the sign of ¢ is therefore unambigu-
ously determined by the condition Re(Z)>0. This is re-
quired for a passive medium. Throughout this work, the sign
of Z is chosen such that its real part is positive. Therefore,
starting our calculations from normal incidence allows us to
determine the sign of Eq. (7) for k,=0. Depending on the
polarization, £ is related to the effective permittivity u (TE
polarization) or to the effective permeability & (TM polariza-
tion) by

TE: &k, o) = ™: &k, o) = 9)

k
elky )’
respectively. Since both effective parameters and the normal
component of the wave vector have to be continuous, the
sign of ¢ has to be chosen by continuity arguments if one
aims at calculating &(k,, ).

Up to this point, the signs of the retrieved quantities k and
& are chosen on physical grounds and both are continuous
functions. To sum up, k, & and u [from Eq. (9)] for TE
polarization and k, & and & for TM polarization are now
known. Finally, the missing effective parameters can be cal-
culated by

ulky, )’

2 K+ K (k,,
TE: w_zs(kx’w) - X—(xw)’
C M(kx, w)
2 K+ Kk,
TM: %,u,(kx,w)=x—(xw) (10)
c g(k,, w)

Formally, we can also introduce an effective refractive index
n as

VA (k, w) + k)ZC

n(k,w)= =
w/c

(11)

For normal incidence, the sign of n has to be the same as the
sign of k by writing k=nw/c. There are no further constraints
for choosing the sign of the square root in Eq. (11).

There is no particular need to introduce this refractive
index because all details of wave propagation follow from
k(k,,w), e(k,,w), and u(k,,w). Particularly, for oblique inci-
dence, n may lose its physical meaning and may even be-
come discontinuous, as already shown in Ref. 8. This is due
to the branch cut of the complex square root. Throughout this
work, the sign of n is chosen such that the imaginary part of
n is positive.

Note that all effective parameters are derived from the
wave parameters k and & Hence, they have to be likewise
understood as wave parameters rather than as material pa-
rameters. In analogy to Eq. (11), we introduce the impedance
as the last parameter of interest,
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Mh@) (12)

Z(k,w)= *= o(k..0)

Here, the sign is chosen just as in Eq. (11), but Re(Z)>0 is
always enforced.

III. APPLICATION TO THE FISHNET STRUCTURE

To obtain negative refraction, various approaches for the
MM design were proposed.”>2® One of them is the fishnet
structure. This structure attracts particular attention because
it allows us to observe negative refraction in the visible,
provides low losses, and can be potentially stacked to form a
bulklike MM. That is why this structure is looked at in detail
here. The basic geometry of the fishnet MM along with the
definition of all relevant geometrical parameters, which cor-
respond to the ones reported in the literature,?® is shown in
Fig. 1. The fishnet consists of three layers made of
Ag-MgF,-Ag. The layers have thicknesses of hj,=45 nm
and hMgp2=3O nm. The fishnet wires have widths of
w,=100 nm and wy=316 nm. The periods were chosen to
be AX=Ay=6OO nm and A =200 nm. For convenience, the
stacked fishnets are separated by air. The Drude model,
which provides an adequate description in the spectral range

of interest,?’ was used for the dielectric function of Ag,
2
wp
=1- , 13
Che w(w+iwe) (13)
where the plasma and the collision frequency are

wp=1.37%10'" 57! and w=8.5X 10" 57!, respectively. The
refractive index of MgF, was set to be 1.38. These specific
structural parameters are of minor importance and affect only
the resonance strength and position in the dispersion of the
effective parameters, not the physical conclusions to be
drawn.

To date, in most cases, single MM layer structures are
considered. By assigning effective parameters to a multiple
layer slab, the convergence of the retrieved parameters with
an increasing number of layers has to be ensured.®%!'® Genu-
ine effective parameters have to be independent of the num-
ber of layers that form the MM.%3° The stronger the damping
of higher order Bloch modes and the less they are excited,
the better the effective parameters of a single layer match the
effective parameters of the multilayer slab. Figure 2 shows
the effective permittivity &, the effective permeability u, the
effective normal component of the wave vector k, the effec-
tive refractive index n, and the effective impedance Z exem-
plarily for TE-polarized light and for a transverse wave vec-
tor of k,=0.8727 um™' (corresponding to an incidence angle
of 13.36° at =1/A=6000 cm™'). Results are shown as a
function of the wave number. Here, we shall only present
results for TE-polarized light since the procedure is analo-
gous for TM polarization, thus yielding no further insight.
However, the retrieved parameters also depend on polariza-
tion since the structure is anisotropic.

The complex coefficients R and 7 were calculated with
the Fourier modal method.’> The effective parameters are
shown as a function of the number of MM layers where up to
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FIG. 2. (Color online) Real and imaginary parts of the effective
permittivity e, the effective permeability u, the effective normal
component k of the wave vector, the effective refractive index n,
and the effective impedance Z as a function of the wave number and
the number of MM layers. The results are shown at a fixed trans-
verse wave number of the incident field of k,=0.8727 um™' and
TE polarization. The lines are labeled as follows: 1 MM layer—
blue solid line, 2 MM layers—green dashed line, 3 MM layers—red
dotted line, and 4 MM layers—black dashed-dotted line.

four layers were considered. The convergence of the effec-
tive parameters for an increasing number of layers is excel-
lent for small wave numbers, i.e., large wavelengths,
whereas effective bulk parameters for wave numbers larger
than 7=8500 cm™' cannot be assigned because of the bad
convergence.

While the convergence for larger wave numbers is accept-
able for k and n too, the effective €, u, and Z are strongly
affected by reflections within the multilayer structure. The
larger the number of layers, the more peaks were observed.
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FIG. 3. (Color online) Real and imaginary parts of the effective
permittivity g, the effective permeability u, the effective refractive
index n, and the effective impedance Z as a function of the angle of
incidence for different numbers of the MM layers. Results are
shown for a fixed wave number of 7=6957 cm™!. The lines are
labeled as follows: 1 MM layer—blue solid line, 2 MM layers—
green dashed line, 3 MM layers—red dotted line, and 4 MM
layers—black dashed-dotted line.

By contrast, the phase of the transmitted field governed by k
is dominated by the field leaving the MM after a single pas-
sage. This is because of the strong absorption of the MM.
Therefore, these waves are only slightly affected by multiple
reflections and the convergence suffers only marginally.
Around 7=7000 cm™!, k and, likewise, n become nega-
tive, where n reaches almost n=—1. This resonance can be
primarily attributed to the strong Lorentzian dispersion in the
effective permeability w induced by the coupled cut wires
which form the fishnet. This yields a negative refractive in-
dex because the effective permittivity is likewise negative.
The resonance at =7000 cm™! is accompanied by a strong
imaginary part in both u and n. Since k, is small in compari-
son to the wave number v, light propagation is dominated by
k and therefore the spectral dependence of n is quite similar
to the spectral dependence of k. Note that the imaginary part
of the permittivity & exhibits slightly negative values where
m is resonant. These slightly negative values are usually
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FIG. 4. (Color online) Amplitude and phase of the transmitted
and reflected waves at a MM slab made of four layers as a function
of the wave number for various transverse wave vector components
k.. The lines are labeled as follows: k,;=0.8727 um~'—blue solid
line, k,,=2k,;—green dashed line, k,3=3k,—red dotted line, and
k4=4k,—black dashed-dotted line.

called antiresonances. They are accompanied by an anti-
Lorentzian shaped real part.

Furthermore, we investigated the dependence of the re-
trieved parameters on the angle of incidence in more detail.
The results are shown in Fig. 3. The wavelength was fixed to
A=1.4373 pm, which corresponds to a wave number of ¥
=6957 cm™! where the refractive index attains its minimum
(n=-1) for normal incidence.

Again, the results are shown as a function of the number
of MM layers to evaluate the convergence. Good conver-
gence is generally observed. We conclude that four MM lay-
ers are sufficient to introduce bulk parameters, although the
convergence is worse for larger angles of incidence.

All effective parameters €, u, n, or Z strongly depend on
the incidence angle. Particularly, the real part of the effective
refractive index n tends rapidly toward zero. A strong imagi-
nary part is left due to the negative real part of e. For larger
angles of incidence, the system behaves like a metal. It is
interesting to note that the normal component of the wave
vector is not altered that much by the change in k, as one
would expect for an isotropic medium. Therefore, the re-
trieved effective parameters become strongly angle depen-
dent, as can be seen from Eq. (11).

Next, we investigated the dependence of the effective pa-
rameters on the wave number ¥ for some discrete values of
k, and a fixed number of layers. The amplitude of the trans-
mitted and reflected waves and their respective phases are
shown in Fig. 4. The effective parameters that can be re-
trieved from these complex amplitudes are shown in Fig. 5.
By using four layers of the MM, we assume that it is guar-
anteed that the parameters converged sufficiently toward the
bulk values of the MM. As already mentioned, the phase of
the transmitted field is dominated by the single path contri-
bution. Therefore, by investigating the phase of the transmit-
ted field, the effective normal component of the wave vector
is almost determined. Clearly, the interesting resonance that
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FIG. 5. (Color online) Real and imaginary parts of the permit-
tivity &, the permeability u, the effective normal component k of the
wave vector, the refractive index n, and the impedance Z versus the
wave number v=1/\ for different values of k. The lines are labeled
as follows: k,;=0.8727 um~'—blue solid line, k,=2k,—green
dashed line, k,3=3k,—red dotted line, k,4=4k,—black dashed-
dotted line.

causes the effective index to be negative is shifted toward
higher wave numbers with an increasing transverse wave
vector component. The resonances corresponding to multiple
reflections, which appear at larger wave numbers, are shifted
toward smaller wave numbers with increasing k,. We further-
more observe that the antiresonance in the permittivity € is
more pronounced for larger values of k, while the resonance
in u is slightly decreased. Note that the parameters £ and u
are continuous and behave as expected. On the contrary, the
effective refractive index exhibits a quite strange behavior
for increasing k,, i.e., at a certain value of k,, continuity
requires us to select the lower branch of Eq. (11). Since there
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is no physical constraint for the sign of n, both solutions are
equal and indistinguishable. Although this sounds counterin-
tuitive, there is no physical problem at all. As mentioned
above, the refractive index has no physical meaning for ob-
lique incidence. Only the square of n as the product of &€ and
o enters the equations describing the propagation of light.
The sign of n is of importance only if a meaningful refractive
index at normal incidence should be introduced. We decided
to extend the need for the imaginary part of n to be positive.
This results in a discontinuity of Re (n) and a kink of Im (n).
The problem behind this behavior was described when n was
introduced [see Eq. (11)].

So the question arises if the introduction of n is useful at
all. The refractive index is usually introduced if the product
of € and u is independent of the wave vector k. Even for
birefringent media, the index is only slightly varying with k,
i.e., the refractive index manifold is given by an ellipsoid. If
n is rapidly varying with the lateral wave vector component
k,, its introduction is questionable since there is no simplifi-
cation for understanding the light propagation in such media.
This problem will be encountered in describing light propa-
gation in almost all MMs proposed so far.

The results presented in this work clearly show that all
retrieved parameters strongly depend on k,. As discussed ear-
lier, this dependence is caused by anisotropy and spatial dis-
persion. The effective parameters do not represent the physi-
cal material but only the wave parameters. These wave
parameters provide the complex transmission and reflection
coefficients at a MM slab by assuming that the real MM is
conceptually replaced by a homogeneous medium. Thus,
their use significantly simplifies the description of the prob-
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lem as one does not need to compute the involved light in-
teraction with a nanostructured medium. Instead, one may
resort to simple transfer matrix techniques for stratified me-
dia. This simplification is the very reason for the introduction
of effective wave parameters.

IV. CONCLUSION

In conclusion, this work represents a further step toward
the design and the optical characterization of MMs to be
tailored for unprecedented applications. To this end, an ex-
tension of the well-known parameter retrieval procedure to-
ward oblique incidence has been introduced. This provides
the opportunity to straightforwardly characterize the optical
properties of MMs by effective parameters. The physical
meaning of the retrieved parameters was discussed in detail.
It has been emphasized that only the normal components of
the wave vector k, the permeability wu, and the permittivity &
are physically meaningful quantities. The introduction of an
effective refractive index provides no further insight into the
issue but may, e.g., serve to double check the MM for engi-
neered isotropy. The general results have been applied to the
fishnet structure, which is highly relevant for applications.
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