
1
T
s
u
e
s
p
i
a
b
w
m
t
s
t
h
d
p
m
l
e
p
e
[
s
n
R
t
p
s
e
r
f
l

2620 J. Opt. Soc. Am. B/Vol. 27, No. 12 /December 2010 Tserkezis et al.
Extraordinary refractive properties of photonic
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By applying a homogenization method based on systematic full-electrodynamic complex-band-structure calcu-
lations, we deduce the effective permittivity tensor of a uniaxial photonic crystal consisting of consecutive hex-
agonal arrays of aligned metallic nanorods of finite length. The form of the obtained permittivity tensor over a
relatively broad low-frequency region, where homogenization is applicable, suggests the occurrence of uncon-
ventional refractive behavior, namely, negative refraction and self-collimation. This behavior is corroborated by
straightforward calculation of the relevant group velocities in the actual photonic crystal. Moreover, it is shown
that, in the frequency region where negative refraction occurs, a finite slab of the crystal possesses eigenmodes
that form flat bands outside the light cone, as many as the number of its constituent layers. These eigenmodes
allow for transfer of the evanescent components of an incident wave field to the other side of the slab, thus
enabling subwavelength imaging. © 2010 Optical Society of America
OCIS codes: 160.1190, 160.3918, 160.5293, 250.5403, 350.4238.
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. INTRODUCTION
he optical response of metallic nanorods has been exten-
ively studied during the last years because of their
nique properties associated with the excitation of differ-
nt types of plasmonic modes. Because of their cylindrical
hape, the threefold degeneracy of the predominant dipole
lasmonic modes in a corresponding spherical particle [1]
s lifted, and modes related to free-electron oscillations
long either the long or the short axis of the nanorod can
e observed [2–4]. These modes can be easily tuned
ithin a broad frequency region by changing the geo-
etrical characteristics, the dielectric environment, or

he metallic material the nanorods are made of [5–9]. The
ituation becomes even more interesting when these par-
icles are brought to interact with each other. Plasmon
ybridization leads to much richer spectra in nanorod
imers or clusters [10–13], while arranging such particles
eriodically in space offers the possibility to combine plas-
on tunability of the individual nanorods with control-

able interparticle interaction [14–16]. Of particular inter-
st are arrays of aligned nanorods arranged
erpendicular to a substrate, because they are relatively
asy to fabricate with chemical or lithographic methods
17–20] and can find numerous applications. For example,
uch arrays cause large enhancement of the electromag-
etic (EM) field and are considered for surface enhanced
aman scattering [21]. Moreover, they are more sensitive

o changes of the refractive index of the environment com-
ared to isolated nanorods, thus becoming useful for bio-
ensing applications [22]. When the nanorods approach
ach other, the EM field is concentrated in the interstitial
egion [18,23], and longitudinal standing waves are
ormed in the dielectric space between the rods [24], simi-
arly to plasmonic cavity resonators. Taking advantage of
0740-3224/10/122620-8/$15.00 © 2
heir strongly anisotropic optical properties one can de-
ign polarization filters [25], while under certain condi-
ions anisotropy results in negative refraction [26–28].
he use of nanorod arrays has also been considered as a
ossibility in the design of superlensing devices, since
lasmons can travel through coupled metallic nanopar-
icles transferring near-field energy along the nanorods to
elatively long distances, and then couple to conventional
ptics to generate the image [29]. In the same context,
hree-dimensional (3D) crystals of metallic nanorods were
roposed to achieve both long propagation length and
roadband operation toward color subwavelength imag-
ng [30].

In this article we focus on the description of 3D photo-
ic crystals of metallic nanorods as optical metamaterials
nd, in particular, their extraordinary optical properties
uch as negative refraction and wide-angle self collima-
ion. A valuable tool in the study of metamaterials is the
hoice of a reliable homogenization method. Here we use
homogenization approach based on least-squares fits of

ispersion data for the actual crystal obtained by full-
lectrodynamic calculations for many propagation direc-
ions to the corresponding analytic relations for a uniaxial
omogeneous medium. All calculations are carried out by
he extended layer-multiple-scattering (ELMS) method
31–33], which is ideally suited for the case under consid-
ration. Besides the complex photonic band structure of
he infinite crystal, the method allows one to calculate,
lso, the reflection and transmission coefficients of an EM
ave incident at any angle either on a finite slab or on a

emi-infinite crystal [34], and, in this respect, it can de-
cribe an actual transmission experiment. Another ad-
antage of the method is that it solves Maxwell’s equa-
ions in the frequency domain, and therefore it can treat
010 Optical Society of America
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trongly dispersive materials such as metals and include
osses, which always exist in real materials, in a straight-
orward manner. The properties of the individual scatter-
rs enter only through the corresponding scattering T ma-
rix which, for homogeneous spherical particles, is given
y the closed-form solutions of the Mie-scattering prob-
em, while for scatterers of arbitrary shape it is calculated
umerically by the extended-boundary-condition method
35]. At a first step, in-plane multiple scattering is evalu-
ted in a spherical-wave basis using proper propagator
unctions. Subsequently, interlayer scattering is calcu-
ated in a plane-wave basis through appropriate reflection
nd transmission matrices. The scattering S matrix of a
ultilayer slab, which transforms the incident into the

utgoing wave field, is obtained by combining the reflec-
ion and transmission matrices of the component layers.
he ratio of the transmitted or reflected energy flux to the
nergy flux associated with the incident wave defines the
ransmittance or reflectance of the slab, respectively. On
he other hand, for a 3D crystal consisting of an infinite
eriodic sequence of layers stacked along the z direction,
pplying the Bloch condition for the wave field in the re-
ion between two consecutive unit slabs leads to an eigen-
alue equation that gives the z component of the Bloch
ave vector, kz, for given frequency � and in-plane re-
uced wave vector component k�, which are conserved
uantities in the scattering process. The eigenvalues
z�� ,k��, looked upon as functions of real �, define, for
ach k�, lines (sometimes they are called real-frequency
ines) in the complex kz plane. Taken together they con-
titute the complex band structure of the infinite crystal
ssociated with the given crystallographic plane. A line of
iven k� may be real (in the sense that kz is real) over cer-
ain frequency regions and be complex (in the sense that
z is complex) for � outside these regions. It turns out
hat for given k� and �, out of the eigenvalues kz�� ,k��,
one or, at best, a few are real, and the corresponding
igenvectors represent propagating modes of the EM field
n the given infinite crystal. The remaining eigenvalues
z�� ,k�� are complex and the corresponding eigenvectors
epresent evanescent waves. These have an amplitude
hat increases exponentially in the positive or negative z
irection and, unlike the propagating waves, do not exist
s physical entities in the infinite crystal. However, they
re an essential part of the physical solutions of the EM
eld in a slab of finite thickness. A region of frequency
here propagating waves do not exist for given k� consti-

utes a frequency gap of the EM field for the given k�. If
ver a frequency region no propagating wave exists what-
ver the value of k�, then this region constitutes an abso-
ute frequency gap. In order to ensure adequate conver-
ence for the structure considered in the present work, we
runcate the spherical-wave expansions at �max=12 and
ake into account 61 two-dimensional (2D) reciprocal lat-
ice vectors in the relevant plane-wave expansions, while
he single-particle scattering T matrix is evaluated with
cut=16 and a Gaussian quadrature integration formula
ith 4000 points [33,36].
The paper is organized as follows. In Section 2 we de-

cribe the geometry of the crystal under consideration
nd analyze its complex photonic band structure in the
requency region of interest. In Section 3 we apply our ho-
ogenization method and discuss the results in compari-
on with those of standard effective-medium theories.
ubsequently, in Section 4 the unconventional refractive
ehavior anticipated from the form of the effective per-
ittivity tensor is analyzed in conjunction with the corre-

ponding group velocities deduced from rigorous calcula-
ion of the isofrequency surfaces of the actual crystal.
oreover, we discuss the role of bound states of the slab

n the frequency region of interest in the transmission of
he evanescent components of an incident wave field. Our
esults are summarized in the last section.

. COMPLEX PHOTONIC BAND STRUCTURE
e consider an infinite 3D crystal built of consecutive lay-

rs parallel to the x−y plane of identical, free-standing
etallic nanorods aligned parallel to their long axis (z di-

ection). We assume that the metallic material is de-
cribed by the Drude dielectric function [37]

�m��� = 1 −
�p

2

��� + i�−1�
, �1�

here �p is the bulk plasma frequency, and � is the relax-
tion time of the conduction-band electrons of the metal.
o begin with, we disregard absorptive losses assuming
−1=0. The nanorods have a circular cross section, with
iameter D=c /�p and height H=2.5c /�p, parameters that
ield fast convergence of the calculations and allow, at the
ame time, comparison with the results of other works
29,30]. We note that, assuming ��p�10 eV, the diameter
f the nanorods corresponds to about 20 nm and their
eight to about 50 nm. For longer nanorods such as those
escribed in [17,18,24] the main difference expected is a
edshift of the principal longitudinal mode [16]. The na-
orods in each layer are arranged on a hexagonal lattice
efined by the primitive vectors a1=a�1,0,0� and a2

a�1/2,�3/2,0�, while adjacent planes of nanorods are
isplaced by a3=a�0,0,1�. Taking a=3c /�p ensures rela-
ively strong interaction between the nanorods in each
ayer, while the main longitudinal and transverse modes
re still well discernible [16]. A schematic view of the
rystal under consideration is shown in Fig. 1.

The photonic band structure of the given crystal has
een presented elsewhere [16], and its main characteris-
ics can be summarized as follows. The symmetry of the
ands along the [001] direction is that of the C6v group
38]. There is a linear doubly degenerate dispersion curve
f E1 symmetry, as expected for propagation in a homoge-
eous medium, up to �=0.45�p. This band is crossed by
n almost flat, non-degenerate band of A1 symmetry
bout �=0.36�p, which originates from particle-plasmon
odes of the individual metallic nanorods, of mainly di-

D

H
a3

a2
a1

ig. 1. Schematic view of the photonic crystal of metallic nano-
ods under consideration.
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ole electric character, associated with electron oscilla-
ions along their long axis. Correspondingly, for k�

�kx ,0�, 0�kx�4� /3a, i.e., along the �K direction of the
urface Brillouin zone (SBZ), the point group of the wave
ector is the C1h group, and the electric field eigenmodes
an be classified as even �Q1� or odd �Q2� upon reflection
ith respect to the x−z plane. According to group theory,
doubly degenerate band of E1 symmetry (for k�=0)

plits for k�= �kx ,0� into one band of Q1 and one of Q2 sym-
etry; similarly, an A1 band gives a Q1 band. In our case,

he Q1 bands that originate from the E1 and A1 bands in-
eract with each other and give rise to a resonance hybrid-
zation gap about the crossing point, as shown in Fig. 2.
n the other hand, the Q2 band clearly has the form of a

inear, effective-medium band throughout the whole fre-
uency region that we consider here, and therefore it is of
o particular interest. In the region of the resonance gap
here there are no propagating Q1 modes, the Q1 bands

ontinue analytically in the complex kz plane [39]. In this
egion we show the dispersion lines for complex values of
z that correspond to the Q1 bands with the smallest-in-
agnitude imaginary part and that are, therefore, the

nes that determine propagation of light in the given
rystal.

A transverse magnetic (TM)- or transverse electric
TE)-polarized EM wave incident on a finite (001) slab of
he given crystal with k�= �kx ,0� excites bands of Q1 or Q2
ymmetry, respectively, and through them is transmitted
o the other side of the slab. In Fig. 2, next to the photonic
and structure we also show the corresponding reflectiv-
ty of a slab consisting of eight (001) layers, together with
he reflectivity of the semi-infinite crystal. It can be seen
hat the reflectivity of the finite slab exhibits the well-
nown Fabry–Perot oscillations, with period kza /�=1/8.
n the case of the semi-infinite crystal, since there is no
ear surface to generate multiple reflections, these oscil-
ations are absent. Within the gap, where the transmit-
ance vanishes, the reflectance equals unity as expected
n the absence of absorptive losses.

ig. 2. Complex photonic band structure of the crystal shown in
ig. 1 for k�= �0.2� /a ,0�, neglecting absorptive losses. Solid

dashed) curves correspond to bands of Q1 �Q2� symmetry. The
egments of the Q1 complex bands with the smallest-in-
agnitude imaginary part over the gap region are shown in

ray-shaded areas. Next to the band diagram we display the re-
ectance for TM-polarized light impinging with q�= �0.2� /a ,0� on
slab consisting of eight (001) layers of the given crystal (light

urve) together with the reflectance of the corresponding semi-
. HOMOGENIZATION METHOD
ince the photonic crystal under consideration has
niaxial symmetry, at sufficiently long wavelengths it can
e described by effective permittivity and permeability
ensors. If we take the z axis to be the optical axis, these
ensors have the form [40]

ε = �
ε1 0 0

0 ε1 0

0 0 εz
� , �2�

� = �
�1 0 0

0 �1 0

0 0 �z
� , �3�

n the �x ,y ,z� coordinate system. In the case we are exam-
ning here we can assume �1=�z=1 (see below). There-
ore one has to determine only two EM parameters, the
ermittivity tensor components ε1 and εz. These param-
ters can be evaluated numerically by an all-angle ho-
ogenization method based on systematic photonic-band-

tructure calculations for the actual crystal. We note that
his method yields local effective parameters that de-
cribe the behavior of the given crystal for every propaga-
ion direction, contrary to other methods, e.g., the com-
only used S-matrix retrieval procedure [41–43], that are
sually limited to a specific propagation direction. Our
ethod proceeds as follows.
A plane wave of angular frequency � and wave vector q

ropagating in a homogeneous uniaxial medium obeys
he dispersion relations

q�
2 + q�TE�z

2 = ε1

�2

c2 , �4�

nd

ε1

εz
q�

2 + q�TM�z
2 = ε1

�2

c2 , �5�

or TE and TM polarizations, respectively, where q�

�qx ,qy� is the wave-vector component normal to the op-
ical axis. Through linear least-squares fits of dispersion
ata points, �q�

2 ,qz
2�, calculated for the given photonic

rystal by the ELMS method for the two polarization
odes and many propagation directions, to Eqs. (4) and

5) looked upon as linear equations of q�TE�z
2 or q�TM�z

2 ver-
us q�

2, we obtain two values for ε1 from the constant
erms of these equations as well as ε1 /εz from the fit to
q. (5). Taking the average of the two values for ε1 we can

hen deduce εz from the ratio ε1 /εz. The quality of the
ts—a quantitative estimate of which can be given by the
verage standard deviation of the fitting procedure and
he agreement of the values of ε1 obtained independently
rom the two polarizations—provide strict criteria for the
alidity of the assumption of a homogeneous uniaxial me-
ium and its description by the deduced set of local EM
arameters. A similar homogenization procedure, which
ts experimental data obtained for many angles of inci-
ence to the dispersion Eqs. (4) and (5) has also been pre-
ented recently [44]. The variation of ε and ε versus fre-
1 z
nfinite crystal (heavy curve).
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uency obtained in the above manner is displayed in Fig.
by solid curves, together with the corresponding stan-

ard deviation. Inside the resonance gap the fitting pro-
edure fails completely when the relevant band corre-
ponds to Re kz=1 (complex coefficients in the dispersion
quation), as expected [45,46], and we do not present the
etrieved parameters (black-shaded region). However,
hen the relevant band corresponds to Re kz=0 (real co-

fficients in the dispersion relation), the fitting procedure
orks relatively well, and the results are shown in Fig. 3.
he standard deviation of the fits is relatively large near
he edge of the Brillouin zone as well, which implies that
n this region the description of the crystal by local effec-
ive parameters is also questionable, as expected. We
hould also note at this point that we verified our assump-
ion that �1=�z=1 by applying a recently reported full
omogenization scheme [34] at a few characteristic fre-
uencies.
It is interesting to compare our homogenization method

ith standard effective-medium theories. A frequently
sed approximation is to assume that the rods are infinite

n length, and use 2D Maxwell–Garnett or Bruggeman
heories [13,26]. These theories however naturally fail to
redict the observed resonance in the z component of the
ermittivity tensor, and thus we shall appeal to generali-
ations of the Maxwell–Garnett theory that take into ac-
ount the finite length of the nanorods [47]. In this case it
s the particle aspect ratio, rather than its exact geometry,
hat is relevant. It is therefore convenient to approximate
he cylinders with ellipsoids, identical in shape and orien-
ation, since the depolarization tensor of the ellipsoid is
nalytically known [48]:

Lz =
1 − e2

e2 � 1

2e
ln	1 + e

1 − e
 − 1� ,

Lx = Ly =
1 − Lz

2
, �6�

here e2= �1−D2 /H2�. The effective permittivity, εeff, of a
ystem of metallic ellipsoids described by a permittivity
m embedded in a dielectric medium of permittivity εh is
iven by [49]

ig. 3. Effective permittivities εz and ε1 of the photonic crystal
hown in Fig. 1 calculated by least-squares fits of dispersion
ata, obtained for many propagation directions, to Eqs. (4) and
5) (solid curves). The standard deviation of the fitting procedure
s shown by gray-shaded areas. Corresponding results of the
ffective-medium approximations of Eqs. (7) and (8) are repre-
ented by dashed and dotted curves, respectively.
εeff�i� − εh

εeff�i� + 2εh
=

f

3

εm − εh

εh + Li�εm − εh�
, �7�

here the index i denotes the axis, x, y, or z, and f is the
olume filling fraction. This formula has been successfully
sed to describe thin films comprising gold nanorods em-
edded in an alumina matrix [17]. On the other hand, it
as been shown that Eq. (7) leads to inconsistencies when
i�0 or Li�1, and the following alternative form has
een proposed [50]:

εeff�i� − εh

εh + Li�εeff − εh�
= f

εm − εh

εh + Li�εm − εh�
. �8�

he effective permittivities obtained through Eqs. (7) and
8) are presented in Fig. 3 with dashed and dotted curves,
espectively. In our case the depolarization factor associ-
ted with the z axis, Lz, is 0.14, while Lx=Ly=0.43. As can
e seen in Fig. 3, Eq. (7) gives results closer to those of our
omogenization method than Eq. (8). However, the above
ffective-medium theories do not take into account the ex-
ct geometry of the system, and more elaborated models,
uch as the retarded-dipole-interaction model [51], are ex-
ected to yield better agreement with the results of the
xact calculations.

. EXTRAORDINARY REFRACTIVE
ROPERTIES
he most prominent feature of the effective permittivities
hown in Fig. 3 is a resonance of εz in the frequency re-
ion about 0.25�p. In this region, εz first increases asymp-
otically and then takes negative values up to the gap,
hile ε1 is positive and varies very slowly. Such media, in
hich not all constitutive-tensor components have the

ame sign, are termed indefinite [52] and have been
roven to support backward waves [53,54]. Although at
�0.3�p the vacuum wavelength is only about 7 times
reater than the lattice constant, homogenization yields
ocal effective parameters with a standard deviation in
he fitting procedure smaller than 1%. Even though ho-
ogenization in this region is not as good as at lower fre-

uencies, the unconventional refractive behavior antici-
ated from the obtained effective parameters is confirmed
hrough rigorous full-electrodynamic calculations.

Because of the uniaxial symmetry of the crystal under
onsideration we can assume, without loss of generality,
hat ky=0 and consider the much easier to handle 2D isof-
equency lines instead of the corresponding 3D surfaces.
igure 4 displays isofrequency contours, ��k�=const., in

he kx−kz plane, for modes of Q1 symmetry in the fre-
uency region between 0.15�p and 0.35�p. One clearly
ees from the figure that, as the frequency increases and
pproaches the region where the homogenization proce-
ure gives negative εz, the isofrequency contours are
radually transformed from ellipses to straight lines and
hen to hyperbolas. The full 3D isofrequency surfaces in-
ide the first Brillouin zone at �=0.30�p are shown in
ig. 5 for completeness. The one is almost spherical, as
xpected from Eq. (4) for a medium with positive ε1, and
he other looks like a hyperboloid, as expected from Eq.
5) for a medium with positive ε and negative ε . The
1 z
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ight-gray parts of these isofrequency surfaces extend
ver regions of k� that correspond to evanescent waves in
he embedding medium (air).

In order to better understand the physical meaning of
he isofrequency surfaces presented above, we analyze
orresponding cross sections of such characteristic sur-
aces for ky=0, for two frequencies of particular interest:
=0.30�p (Fig. 6) and �=0.25�p (Fig. 7). Since, as dis-

ussed before, the Q2 modes, which can be excited by a TE
ncident wave, are not of particular interest, we restrict
ur analysis to the Q1 modes, which can be excited by a
M incident wave. When light impinges on the x−y sur-

ace of the crystal with q�=k�= �kx ,0�, the wave-vector
omponent parallel to the surface �kx� is conserved. In
igs. 6 and 7 this condition is provided by the vertical

dashed) construction line. Its intersection with the isof-
equency curve in air (the thin circle) determines the re-
ected wave, while its intersection with the correspond-

ng isofrequency curves of the uniaxial crystal (the
yperbola in Fig. 6 and the straight lines in Fig. 7) pro-
ides two possible wave vectors for the transmitted wave.
n order to determine which one corresponds to the actual
ransmitted wave, we have to consider the direction of the
roup velocity, vg�k��k�. The group velocity specifies
he direction of energy flow for the wave. It is not neces-
arily parallel to the wave vector but it must be normal to
he isofrequency surface. Calculation of vg determines
hich of the two possible normal directions yields in-

ig. 4. Isofrequency contours in the kx−kz plane �ky=0�, associ-
ted with the Q1 modes at different frequencies (in �p units). The
haded rectangle shows the projection of the first Brillouin zone
n this plane. Only the heavy segments of the contours corre-
pond to propagating waves outside the crystal.

ig. 5. Calculated isofrequency surfaces of the photonic crystal
f Fig. 1 at �=0.30�p associated with the TM-like (left-hand
anel) and TE-like (right-hand panel) modes inside the first Bril-
ouin zone.
reasing � and is therefore the correct group velocity di-
ection (see also Fig. 4). Moreover, the transmitted wave
ust be pointing away from the interface, i.e., it must
ave a positive z component of vg [55,56]. Thus, in Fig. 6
e choose the transmitted wave to be the one with nega-

ive x component of vg. In other words, the photonic crys-
al under consideration exhibits negative refraction for
M incident waves (and positive, regular refraction for
E incident waves) at �=0.30�p. At �=0.25�p, as ex-
ected from the calculated effective permittivity shown in
ig. 3, εz diverges asymptotically and the corresponding

sofrequency line is flat for all values of kx appropriate to
n externally incident wave (see also Fig. 4). This implies
hat, in this case, at any angle of incidence, the group ve-
ocity and thus the energy flow of the transmitted wave
ill be directed along the same direction, namely the z di-

ection. This phenomenon, so called self-collimation [57],
as already been reported for 2D and 3D dielectric photo-
ic crystals [58–60], and can be useful in the design of in-
egrated optics circuits and other applications [61].

In order for a photonic crystal slab to be enabled for
ubwavelength imaging, it has to be able to transfer with-
ut attenuation evanescent waves as well. This can be
chieved, in general, through flat surface or slab modes, if
uch exist, in the frequency region where negative refrac-
ion occurs [62]. In Fig. 8 we present the projection of the
hotonic band structure of the crystal under consider-
tion on the symmetry lines of the SBZ of its (001) sur-
ace. The shaded regions extend over the frequency bands
f the EM field: at any one frequency within a shaded re-
ion, for given k�, there exists at least one propagating

ig. 6. Wave-vector diagrams in the kx−kz plane �ky=0� corre-
ponding to Q1 (left-hand panel) and Q2 (right-hand panel)
odes at �=0.30�p for the crystal of Fig. 1. The light circles are

he isofrequency curves in air, while the hyperbola (left-hand
anel) and the heavy circle (right-hand panel) are the corre-
ponding curves in the photonic crystal. The dashed vertical line
s the construction line. Long arrows represent wave vectors in
he different media, and short arrows normal to the isofrequency
urves represent the group velocity of the transmitted wave.
hin black arrows in the negative kz plane indicate the wave vec-

or and group velocity of a transmitted wave for which the kx
omponent is conserved but causality is violated.

Fig. 7. Same as in Fig. 6 at �=0.25� .
p
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M mode in the infinite crystal. The blank regions repre-
ent frequency gaps for the given k�. Obviously an abso-
ute gap exists only when a blank region of frequency is
ommon to all k�. We note that knowing the modes with k�

n the �KM triangle of the SBZ shown in the inset of Fig.
and 0	kz	� /a is sufficient for a complete description

f all the modes in the infinite crystal. The modes in the
emaining of the reduced k space are obtained through
ymmetry. In Fig. 8 we also show with solid curves the
igenmodes of a slab consisting of eight successive (001)
ayers of the given crystal, calculated by the ELMS

ethod, while the dashed lines denote the light cone. As
an be seen from the figure, and we also verified numeri-
ally for various slab thicknesses, there appear several
at bands outside the light cone, as many as the number
f layers. These correspond to slab modes and are accom-
anied by a significant increase in the relevant transmis-
ion matrix element, as Luo et al. [62] discussed and we
lso verified. They originate from an interaction between
orresponding bound states of the EM field localized
bout consecutive (001) layers of the given crystal. For ev-
ry k� the eigenfrequencies of a slab comprising NL layers
lotted against values of the reduced wave number kz

� / �NL+1�a, 
=1,2, . . . ,NL, reproduce the correspond-

ng dispersion curves of the infinite crystal [16]. As the
umber of layers increases, these slab modes increase ac-
ordingly and come closer to each other, covering the cor-
esponding gray-shaded area of Fig. 8. We note that,
hen dealing with the imaging of a source of monochro-
atic radiation, it is preferable for the lens to possess

uch flat slab modes near but not exactly at the operating
requency; otherwise the amplification of evanescent
aves will be so intense that the picture will be blurred

62]. On the other hand, for color imaging one needs a
arge number of such modes, close to each other [30]. In
ny case, in the crystal under consideration, the number
nd frequency position of the flat slab modes can be tai-
ored by appropriately adjusting the slab thickness.

So far we have neglected absorptive losses in the me-
allic material. The realistic complex permittivity of the
etal can be introduced by setting �−1�0 in Eq. (1). This

auses all bands to become complex, in the sense that all
alues of the wave vector acquire a small imaginary part
o account for dissipative losses. Taking �−1�0.01�p,
hich is appropriate for gold, the imaginary part of kza /�

or the relevant bands is always smaller than 0.04. This

� �

�

k

k

y

x

ig. 8. Projection of the photonic band structure of the crystal of
ig. 1 on the SBZ of its (001) surface along the symmetry lines
hown in the inset. With heavy curves we present the eigen-
odes of an eight-layer-thick slab of the above crystal. The dot-

ed lines show the light cone in air.
mplies a propagation length longer than 8 lattice con-
tants along the propagation direction. On the other
and, for a low-loss metal like silver ��−1�0.002�p�, this
ropagation length may become as long as 30–40 lattice
onstants. This corroborates that finite slabs consisting of

few layers of 2D periodic arrays of metallic nanorods
an be useful in practical applications related to uncon-
entional refraction and imaging.

. CONCLUSION
n summary, we employed a homogenization method
ased on rigorous full-electrodynamic calculations to de-
cribe the effective optical properties of a hexagonal pho-
onic crystal of metallic nanorods. The homogenization
rocedure revealed the existence of a broad frequency re-
ion where extraordinary refractive phenomena, such as
egative refraction and self-collimation, are expected for
M-polarized incident waves. This behavior was verified
y calculating the isofrequency surfaces of the actual
rystal at some characteristic frequencies and deriving
he corresponding group velocities of the transmitted
aves. Moreover we showed that finite slabs of the given

rystal have the ability to transfer evanescent waves in
he frequency region where negative refraction occurs
ver relatively long distances through flat bands of slab
odes, thus enabling subwavelength imaging applica-

ions.
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