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We demonstrate that a metamaterial formed by crossed metallic wires is characterized by an anomalously
high index of refraction. Such property does not rely on a resonant response of the inclusions, but rather is a
consequence of the ultrahigh density of the wires and of the strong electromagnetic interaction between crossed
wires. It is shown that the bandwidth of such phenomenon can be quite large, and that it is mildly affected by
metallic loss in the far-infrared domain. Prospective applications in the miniaturization of waveguides and
other devices are discussed.
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The possibility of controlling the electromagnetic re-
sponse of a material by tailoring its microstructure has been
a topic of great interest in recent years. Novel materials with
anomalous properties such as negative index of refraction1 or
near-zero permittivity2 have been the subject of intense the-
oretical and experimental research. In particular, arrays of
metallic wires have received significant attention due to their
potentials in manipulating the electromagnetic field in the
subwavelength spatial scale, which include magnifying, de-
magnifying, or repeating a given field distribution.3–5 In this
Brief Report, we propose a different application for struc-
tured materials formed by metallic wires. We demonstrate
theoretically that a crossed wire mesh of nonconnected me-
tallic wires may be characterized by an anomalously high
index of refraction. It is discussed that such property may
enable the miniaturization of waveguides and other devices.
In this work, it is assumed that the electromagnetic fields
have a time dependence of the form ej�t.

The bulk metamaterial analyzed here is formed by two
orthogonal meshes of infinitely long parallel metallic wires
with radius rw. Each mesh of parallel wires is arranged in a
square lattice with lattice constant a. One set of wires is
oriented along the direction û1= �1,0 ,1� /�2 and is located in
planes of the form y= la, where l is a generic integer. The
complementary set of wires is oriented along the direction
û2= �−1,0 ,1� /�2 and is located in planes of the form
y= �l+1 /2�a. The wires are embedded in a host medium with
relative permittivity �h, which for simplicity is taken as �h
=1, except when noted otherwise. The complex relative per-
mittivity of the metal is denoted by �m. For noble metals, it is
a good approximation to suppose that at terahertz and infra-
red frequencies, �m follows a Drude dispersion model.6 The
geometry of the structure is similar to that of Fig. 1, except
that the material is unbounded �there are no interfaces� and
the wires are infinitely long.

In the long-wavelength limit, the described “double wire
medium” can be characterized using homogenization
techniques.7,8 The dielectric function of the material is of the
form �� = ûyûy +�11û1û1+�22û2û2. Using the results of Ref. 9
to take into account the effect of the finite conductivity of the
metal, it is found that the permittivity components are

�ii��,ki� = 1 +
1

1

��m − 1�fV
−

��/c�2 − ki
2

�p
2

, i = 1,2 �1�

where �p= �2� / �ln�a /2�rw�+0.5275��1/2 /a is the plasma
wave number, fV=��rw /a�2, c is the speed of light in a
vacuum, k= �kx ,ky ,kz� is the wave vector, and ki=k . ûi. No-
tice that since the length of the wires is much larger than the
lattice constant, the material is spatially dispersive and the
dielectric function depends explicitly on k.7,8

Here, we are mainly interested in propagation along the
yoz plane with kx=0. In such case, the dielectric function
reduces to a scalar in the xoz plane, ��� ,kz�=�ii�� ,ki�, i
=1,2, because for kx=0 we have k1=k2=kz /�2. Thus, the
dispersion characteristic of the plane-wave modes supported
by the bulk medium with electric field polarized along the x
direction is

���,kz���/c�2 = ky
2 + kz

2, k = �0,ky,kz� �2�

which corresponds to a quadratic equation in the variable kz
2.

Hence, for each � and ky fixed, there are two different solu-
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(a)

T

z=0

z=�T

a

a/2

y

z

x

�
E

H

FIG. 1. �Color online� Panel �a�: Geometry of a structured sub-
strate formed by a “double wire medium.” Panels �b� and �c� show
cuts of the structure along the planes xoz and yoz, respectively. At
z=−T the wires are connected to a conducting ground plane.
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tions for kz
2. This means that the material supports two dis-

tinct plane waves with the same �, ky, and electric field, but
with different kz. This anomalous phenomenon is a conse-
quence of strong spatial dispersion effects.7,8

Let us analyze first the case of wires made of perfect
electric conductors �PEC�, i.e., �m=−�. Using Eq. �2� and
assuming propagation along z, it is found that the effective
index of refraction nef

�1,2� is given by

nef
�1,2� � 	 kz

�1,2�c

�
	

ky=0
=�3

2
�
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2

1 + 8��pc

�
�21/2
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where kz
�1� and kz

�2� are the propagation constants of the two
modes supported by the bulk material, and the superscripts
“1” and “2” are associated with the “+” and “−” signs, re-
spectively �notice that nef depends on the considered mode�.
In the very long-wavelength regime we have that a��, and
thus � /c��p �this follows from �p�1 /a�. Hence, Eq. �3�
implies that the electromagnetic mode associated with the
‘‘−’’ sign is strongly attenuated, whereas the mode associated
with ‘‘+’’ sign propagates seeing a very large index of refrac-
tion.

It is this latter mode the main subject of study of this
work. For a fixed frequency �, its index of refraction in-
creases more and more as the density of wires increases �a
decreases�, supposing a constant metal volume fraction
�rw /a=const�. This means that nef may be made arbitrarily
large by increasing the density of wires, at least if metallic
losses remain negligible. This is a surprising result since in-
tuitively, one might expect that the material would be char-
acterized by a negative permittivity rather than by nef	1.
The large index of refraction stems from the fact that the
wires oriented along the direction û1 tend to obstruct the
propagation of transmission line modes9 in the wires oriented
along the direction û2, and vice versa.

To illustrate the suggested possibilities and assess the ef-
fect of metallic losses and plasmonic effects, we have calcu-
lated the index of refraction nef=nef� − jnef� of the propagating
mode as a function of the free-space wavelength �0 for dif-
ferent lattice constants a and silver �Ag� rods �Fig. 2�. We
have assumed that Ag follows the Drude dispersion model
proposed in Ref. 6 obtained from experimental data at tera-
hertz and infrared frequencies ��m=��−�p

2 /���− j
�, with
��=5.0, �p /2�=2175 �THz� and 
 / �2�=4.35 �THz��. No-
tice that for each curve, the metal fill fraction is constant, as
well as the electrical size of the unit cell �a /�0=const�. For
long wavelengths, Ag behaves practically as a PEC material
and thus nef� is described very accurately by Eq. �3�. For
example, when a=0.01�0 /2� the index of refraction can be
as large as 16.6. On the other hand, starting at the far-
infrared range, the conducting properties of Ag deteriorate,
and plasmonic effects may become important. It can be veri-
fied that the PEC approximation is only valid when rw��s,
where �s is the skin depth of Ag �shown in Fig. 2 at selected
wavelengths�. When rw�s, plasmonic effects dominate, and
nef� becomes even larger. This property can be justified by
noting that for a plasmonic material the fields are highly
concentrated near the wires, and consist of a collection of
�loosely coupled� surface-plasmon polaritons that propagate

strongly attached to the wires, consistently with the results of
Refs. 9 and 10. Such regime is less interesting since it is
more sensitive to losses; Not to mention that when rw is less
than a few tenths of nanometers, silver may not be ad-
equately described by a continuous material model. It is also
remarkable that the effect of losses may be relatively mild in
the considered frequency range: nef� /nef� �1. In fact, provided
that rw��s, the electromagnetic fields propagate mainly in
the air region, being extruded from the metal. Thus, it is
expected that if the radius of the wires is made larger, the
effect of losses will be weaker �the model �1� only applies to
thin wires rw /a�1�.

The extreme optical parameters of the metamaterial may
enable the miniaturization of waveguides and other devices.
To demonstrate this, we consider a structured substrate
formed by an array of crossed PEC wires �Fig. 1� with thick-
ness T. It is supposed here that the substrate is backed by a
PEC ground plane since this situation is of potential interest
in the design of waveguides in integrated circuits, antenna
substrates, and other devices. However, effects qualitatively
similar to those described next are still observed when the
ground plane is removed. The wires are connected with good
Ohmic contact to the ground plane. Let us consider first the
problem of reflection of a plane wave by the structured sub-
strate �Fig. 1�c��. The electric field in all space can be written
as �the y variation of the fields is omitted�

Ex = Ex
inc�e�0z + �e−�0z�, z � 0

Ex = A1
+e−jkz

�1�z + A1
−e+jkz

�1�z + A2
+e−jkz

�2�z + A2
−e+jkz

�2�z, z  0

�4�

where Ex
inc is the incident field, � is the reflection coefficient,

�0=�ky
2−�2�0�0, ky = �� /c�sin � and only depends on the

angle of incidence, kz
�1,2� are the propagation constants of the

modes excited inside the wire medium �obtained by solving
Eq. �2� with respect to kz�, and Ai

� are the corresponding
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FIG. 2. �Color online� Index of refraction nef=nef� − jnef� as a
function of the free-space wavelength for different values of the
lattice constant a. The solid lines represent nef� , whereas the dashed
lines represent nef� /nef� . Notice the different vertical scales. The wires
are made up of Ag and have a radius rw=0.05a. The skin depth of
Ag, �s, is also indicated at selected wavelengths.
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amplitudes. The boundary conditions at the interfaces impose
that the electric field vanishes, Ex=0, at z=−T, and that the
tangential electromagnetic fields Ex and Hy are continuous at
z=0 �the continuity of Hy is equivalent to the continuity of
dEx /dz�. However, these classical boundary conditions are
insufficient to solve the scattering problem.11,12 This is a con-
sequence of spatial dispersion, and in particular of the exis-
tence of two waves with the same polarization. To remove
the extra degrees of freedom we use a generalization of the
additional boundary conditions �ABCs� recently introduced
in Refs. 12 and 13.

Using such homogenization concepts, we calculated the
phase of the reflection coefficient as a function of the nor-
malized frequency for various geometries �solid lines in Fig.
3�. The discrete symbols shown in Fig. 3 correspond to the
numerical results obtained using the commercial electromag-
netic solver CST MICROWAVE STUDIO™. The agreement be-
tween our analytical model and the full wave simulations is
excellent, especially for a /T small. Since the structured ma-
terial is backed by a PEC plane, for very low frequencies the
phase of � is approximately 180°. For a regular dielectric
with permittivity �d, the phase crosses zero at a frequency
such that �T /c=� / �2��d� �for normal incidence�. Thus, Fig.
3 confirms that the equivalent permittivity of the structured
substrate is extremely large, and that when the density of the
wires is increased �a is reduced�, the effective permittivity
increases. The frequency �0 at which the phase vanishes is
very stable with respect to variations of the angle of inci-
dence. In such regime, the structured substrate behaves in
many ways as perfect magnetic conductor with �= +1 �Ref.
14�.

The extreme permittivity of the structured substrate does
not rely on the individual resonant response of the metallic
wires. In fact, the length of each metallic wire is only �2T,
which is well below the traditional � /2 resonance length at
the frequency �0. In particular, since each wire is spanned
over many unit cells, the size of the inclusions is independent
of the lattice constant a. In this respect, the considered sub-
strate is truly unique. Indeed, its effective index of refraction
does not saturate as a is made smaller, as would happen in a
conventional metamaterial substrate. In fact, in a conven-

tional design, if the size of the inclusions is scaled with the
size of the cell, the response of the structure becomes inde-
pendent of a in the quasistatic limit. Quite differently, when
the density of wires is increased in a crossed wire mesh,
keeping the metal volume fraction constant, the index of re-
fraction increases with no bounds provided that rw��s.

Using the developed analytical model, we computed the
dispersion characteristic of the surface wave modes sup-
ported by the substrate �Fig. 4�. The dispersion characteristic
is obtained by calculating the values of ky for which the
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FIG. 3. �Color online� Phase of the reflection coefficient as a
function of normalized frequency for various lattice spacings and
incident angles �. The radius of the wires is rw=0.05a. The discrete
symbols and the solid lines correspond to the full wave simulations
and to the theoretical model, respectively.
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FIG. 4. �Color online� Normalized propagation constant ky of
the TE-guided modes as a function of frequency, for a fixed thick-
ness T of the substrate and different lattice spacings a. The radius of
the wires is rw=0.05a.
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FIG. 5. �Color� Time snapshot of normalized Ex at different
frequencies of operation when a finite length substrate with thick-
ness T=5.7 �m is excited by a dipole antenna. The length of the
substrate along the y direction is L=16T, the lattice constant is a
=T /3, and the radius of the wires is rw=0.05a.
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structured substrate can sustain a propagating wave attached
to the interface with no incident field, Ex

inc=0. A standard
grounded dielectric substrate only supports transverse elec-
tric �TE�-guided modes when the thickness T of the substrate
is larger than �0 /4��d−1, which corresponds approximately
to ���0. Figure 4 demonstrates that the equivalent permit-
tivity of the structured substrate can be dramatically large.
For example, for the case a=T /10 surface waves start propa-
gating for T��0 /48.3, which yields an equivalent permittiv-
ity of �d=147. In general, the guided modes start propagat-
ing at the frequencies where the phase of � vanishes for
normal incidence. The number of supported guided modes
increases with frequency.

In order to confirm the existence of surface waves and
demonstrate the good prospects for the realization of very
subwavelength waveguides at terahertz frequencies, we have
simulated the response of a finite length substrate with thick-
ness T=5.7 �m excited by a dipole-type antenna with input
impedance 50 �. To simplify the numerical modeling, the
structure was assumed periodic along the x direction and
open boundaries were defined at the remaining interfaces.
The amplitude of the Ex component of the electric field is
depicted in Fig. 5 for different values of �. The frequency
�0 / �2��=3.27�THz� corresponds to the theoretical fre-
quency where guided modes start propagating, which, from
Fig. 4, verifies �0T /c=0.4 or equivalently T=�0 /15.7.

For PEC wires, Fig. 5 shows that at �=1.05�0, some field
concentration starts being visible near the interface, but the
mode is still very weakly bounded to the substrate. At this
frequency, the length of the substrate is as small as the free-
space wavelength �which is approximately equal to the
wavelength of the guided mode�. As the frequency increases,
the surface wave becomes the dominant radiation mecha-
nism, and the wavelength of the guided mode becomes

shorter and shorter, consistently with the predictions of Fig.
4. Full wave simulations �not shown here� demonstrate that
the return loss of the dipole antenna is −8 dB around �
=1.32�0, despite the proximity of the antenna to the ground
plane. To study the effect of metallic loss, we have also
analyzed the case in which the wires and the ground plane
are made of Ag. At �=�0 the skin depth of Ag verifies �s
�0.3rw. It is seen in Fig. 5 that when metal loss is consid-
ered, the wavelength of the guided mode becomes shorter.
This is consistent with our theoretical results which predict
that nef increases when losses are added to the system. It is
also clear from Fig. 5 that the attenuation resulting from
metal loss is relatively mild, and that the anomalously high
index of refraction is not due to a resonant phenomenon and
may be observed over a wide bandwidth. This property is a
consequence of the ultrahigh density of wires.

In conclusion, we have demonstrated that an array of
crossed nonconnected wires may behave as material with
extremely large effective positive permittivity and low loss.
Unlike conventional metamaterials, the response of the con-
sidered structure does not saturate in the quasi-static limit
when the density of wires is increased and the metal volume
fraction constant is kept constant. It was proven that as long
as the skin depth of the metal remains smaller than the radius
of the wires, the effective index of refraction can be made
arbitrarily large by increasing the density of wires. We envi-
sion that the considered material may be used in the design
of ultra-compact waveguides and other devices. Finally, we
note that the proposed structure may be fabricated using li-
thography techniques such as the superlattice nanowire pat-
tern transfer described in Ref. 15.

This work was supported in part by Fundação para a
Ciência e a Tecnologia, Grant No. POSC/EEACPS/61887/
2004.

*mario.silveirinha@co.it.pt
1 D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat–Nasser, and

S. Schultz, Phys. Rev. Lett. 84, 4184 �2000�.
2 M. Silveirinha and N. Engheta, Phys. Rev. Lett. 97, 157403

�2006�.
3 P. A. Belov, Y. Hao, and S. Sudhakaran, Phys. Rev. B 73,

033108 �2006�.
4 G. Shvets, S. Trendafilov, J. B. Pendry, and A. Sarychev, Phys.

Rev. Lett. 99, 053903 �2007�.
5 P. Ikonen, C. Simovski, S. Tretyakov, P. Belov, and Y. Hao,

Appl. Phys. Lett. 91, 104102 �2007�.
6 M. A. Ordal, R. J. Bell, R. W. Alexander, Jr., L. L. Long, and M.

R. Querry, Appl. Opt. 24, 4493 �1985�.
7 M. G. Silveirinha and C. A. Fernandes, IEEE Trans. Microwave

Theory Tech. 53, 1418 �2005�.
8 C. R. Simovski and P. A. Belov, Phys. Rev. E 70, 046616

�2004�.
9 M. G. Silveirinha, Phys. Rev. E 73, 046612 �2006�.

10 J. Takahara, S. Yamagishi, H. Taki, A. Morimoto, and T. Koba-
yashi, Opt. Lett. 22, 475 �1997�.

11 M. G. Silveirinha, IEEE Trans. Antennas Propag. 54, 1766
�2006�.

12 M. G. Silveirinha, C. A. Fernandes, and J. R. Costa, New J.
Phys. 10, 053011 �2008�.

13 For the problem under study, the ABC at the air interface is

equivalent to
d2Ex

dz2 + ��h
�2

c2 −ky
2�Ex=0 �evaluated at the wire me-

dium side of the interface�, whereas the ABC at the ground plane

is equivalent to
d3Ex

dz3 + ��h
�2

c2 −ky
2�

dEx

dz =0, where �h is the permit-
tivity of the host medium. A detailed proof of these results will
be reported elsewhere.

14 D. Sievenpiper, L. Zhang, R. Broas, N. Alexopolous, and E.
Yablonovitch, IEEE Trans. Microwave Theory Tech. 47, 2059
�1999�.

15 N. A. Melosh, A. Boukai, F. Diana, B. Gerardot, A. Badolato, P.
M. Petroff, and J. R. Heath, Science 300, 112 �2003�.

BRIEF REPORTS PHYSICAL REVIEW B 78, 033108 �2008�

033108-4


