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We propose a simple and efficient method to engineer absolute negative refraction forbothpolarizations of
electromagnetic wave in two-dimensional photonic crystal by adding an additional component to the existing
photonic crystal. The dielectric property of the additional component, as well as its insertion position in a unit
cell, are chosen according to the field-energy distribution of Bloch states at the band edges. According to our
design, the non-near-field focus and images for both polarized waves at the same structure and parameters,
explicitly following the well-known wave-beam negative refraction law, can be realized.
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I. INTRODUCTION

During the past few years, there has been a great deal of
interest in studying the focus and imaging of electromagnetic
waves based on the left-handed materialsLHM d or two-
dimensionals2Dd photonic crystalsPCd flat lens.1–29 Ideally,
such a lens can focus a point source on one side of the lens
into a real point image on the other side even for the case of
a parallel-sided slab of material.1,4 It possesses some advan-
tages over conventional lenses. For example, it can break
through the traditional limitation on lens performance and
focus light on to an area smaller than a square wavelength.
Recently, such image behaviors based on the LHM superlens
have been observed by some numerical simulations7–10 and
experimental measurements.11–14 The 2D photonic-crystal-
based flat lenses have also been designed and the images
have also been observed in the near-field18–24 and non-near-
field regions.25–29

There are two aspects relating to the image. One is posi-
tion sin near-field or non-near-field regionsd, and the other is
resolutionsfull width at half maximum of the focus spotd.
The position of the image depends on the effective refractive
index n of the sample and the homogeneity of the materials.
For the case withn=−1 and single-mode transmission, the
imaging behavior depends on the slab thickness and the
object distance, explicitly following the well-known wave-
beam negative refraction law as Refs. 27–29 had pointed
out. However, due to the anisotropy of dispersion in some
2D PCs, the refraction angles are not linearly proportional
to the incident angles when a plane wave is incident
from vacuum to the PC. This is the reason why only the
near-field images were observed in some works.18–24 The
position of the image does not depend on whether or not the
evanescent waves are amplified. That is to say, the focus
and image can still be observed if only the propagating
waves are considered. In such a case, the image resolution
cannot beat the diffraction-limit. In contrast, the superlensing
effect comes from the evanescent wavessor resonance
transmissiond. The excitation of surface modesor the appear-
ance of resonant transmissiond can improve the image
resolution.22,29 This rule holds not only for the images in
the near-field region, but also for the images in the non-near-
field region.29

It is well known that the electromagneticsEMd wave can
be decomposed intoE polarizationsS waved andH polariza-

tion sP waved modes for the 2D PC structures.24,28However,
the above discussions about the negative refraction and the
focusing of the wave in the 2D PC all focused on a certain
polarized wave,S wave orP wave. Recently, absolute nega-
tive refraction regions forboth polarizations of electromag-
netic wave in 2D PC with a square lattice have been found.24

Thus, the focusing and image of unpolarized light have
been realized by a microsuperlens consisting of such a PC
sRef. 24d. However, due to the anisotropy of dispersion in
2D PC, such images only appear in the near-field region.24

Thus, extensive applications of such a phenomenon are
limited.

In this work, we present a method to engineer the absolute
negative refraction by adding an additional component into
the existing photonic crystal. The dielectric property of such
a component, as well as its insertion position in a unit cell,
are chosen according to the field-energy distribution of Bloch
states at the band edges. According to such a method, the
non-near-field focus and images for both polarized waves at
the same structure and parameters, explicitly following
the well-known wave-beam negative refraction law, can be
realized.

FIG. 1. The calculated photonic band structures of a triangular
lattice of coated cylinder in air forsad S wave andsbd P wave. The
radii of the dielectric cylinder isR=0.4a. The inner metallic cylin-
ders arer =0.25a for both polarized waves. The dielectric constants
aree=12.96. Dotted lines vs. the frequencies with negative refrac-
tion index of −1
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This paper is arranged as follows. Our perturbative
method to engineer negative refraction is described in Sec.
II. In Sec. III, we design a flat lens to realize the non-near-
field focus and images for both polarized waves at the same
time. A conclusion is given in Sec. IV.

II. PERTURBATIVE METHOD TO ENGINEER NEGATIVE
REFRACTION

We consider a two-dimensional triangular lattice of coated
cylinders immersed in an air background with lattice con-
stant a=3 mm. The coated cylinders have metallic cores
coated with a dielectric coating. The radii of metallic coresrd
and coated cylindersRd are 0.25a and 0.4a, respectively. The
dielectric constants of dielectric coating are taken as 12.96
for both polarized waves. For the metallic component, we
use the frequency dependent dielectric constantsRef. 30d,

e=1−fp
2/ fsf + igd, where fp and g are the plasma frequency

and the absorption coefficient. Following Ref. 30, for all nu-
merical calculations carried out in this work, we have chosen
fp=3600 THz andg=340 THz, which corresponds to a con-
ductivity close to that of Ti. However, our discussion
and conclusions given below can apply to other metal
parameters as well. In order to simplify the problem, we first
consider the cases without absorptionsg=0d. The effect of
absorption will be discussed at the latter part. The band
structures of this system are calculated by the multiple-
scattering Korringa-Kohn-Rostoker method.31 The results for
the S and theP waves are plotted in Figs. 1sad and 1sbd,
respectively.

Similar to the numerical simulations in Ref. 28, all-angle
single-beam left-handed behaviors with relative refractive in-
dex of n=−1 for theS wave atv=0.49s2pc/ad and theP
wave at v=0.44s2pc/ad have been found in this system.
Dotted lines in Fig. 1sad and 1sbd mark both of cases, respec-
tively. However, we cannot find that the same structure and
parameters yieldn=−1 at the same frequency for both polar-
izations in this system.

In the following, we show that such a case can be realized
by adding an additional component to the existing photonic
crystal. The dielectric properties of such a component are
chosen according to the field-energy distribution of Bloch
states at the band edges. Thus, we calculate the field-energy
distribution of band-edge state in a unit cell. For the 2G point
of theSwave in Fig. 1sad, the absolute value of electric-field
distribution outside the cylinder in a Wigner unit cell is plot-
ted in Fig. 2sad. It is shown that the electric fielduEnksrdu at

FIG. 2. sColor onlined sad The distribution of the absolute value
of the electric field outside the cylindersin arbitrary unitsd at the
band edge 2G in the Wigner unit cell for theS wave. sbd The
distribution of the absolute value of the displacement field outside
the cylindersin arbitrary unitsd at the band edge 2G in the Wigner
unit cell for the P wave. The corresponding Wigner unit cell is
plotted on the top of the figure.

FIG. 3. Effective indexes vs frequenciessad before andsbd after
the additional components are inserted. The solid lines and dashed
lines correspond to theS wave andP wave, respectively. The posi-
tions of relative refractive index of −1 are marked by dotted lines.
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six symmetric points of the Wigner unit cell are large. If we
choose the dielectric materials to insert at the positions of
these points, the field distribution in the unit cell will change,
which leads to the shift of the band edge. The shift tendency
and range for theS wave can be estimated by the following
perturbation formula, which had been presented in our pre-
vious investigations:31

S ṽnk

vnk
D2

− 1 =
E f«srd − «̃srdguEnksrdu2dr

E «srduEnksrdu2dr

. s1d

Here «̃srd and ṽnk represent the new dielectric constant and
eigenfrequency, respectively, corresponding to the original«
and vnk. The function«̃srd−«srd is nonzero, only at the in-
sertion position. The shift tendency and range of the band
edge depend sensitively on the dielectric properties of the
additional components as well as the field-energy distribu-
tion at the band edge. For example, if we choose the dielec-
tric cylinders to insert, we can deduce that the band edge
shifts down. With the change of the band structure, the nega-
tive refraction region will change at the same time.

Similar to the above case of theS wave, for theP wave,
when the new components are inserted into the unit cell, the
frequency shift can also be estimated by the following
relation:31

S ṽnk

vnk
D2

− 1 =
E f«̃ −1srd − «−1srdguDnksrdu2dr

E «−1srduDnksrdu2dr

. s2d

HereDnksrd represents the displacement field in the unit cell.
The intensity distribution of displacement field outside the
cylinder in a Wigner unit cell at the 2G point of theP wave
in Fig. 1sbd is plotted in Fig. 2sbd. We find that the displace-
ment fielduDnksrdu at six symmetric points of the Wigner unit
cell are also large. If we choose the same dielectric compo-
nents to insert the same positions in the unit cell for theP
wave as the case of theS wave, the drop of the frequency at
the 2G point can also be found. However, the shift extent for
the P wave is smaller than that for theS wave. Therefore, it

FIG. 4. sColor onlined The intensity distributions of point
sources and their images across a 2D photonic crystal slab with 7a
thickness at frequencyv=0.405s2pc/ad for sad S wave andsbd P
wave. The parameters for cylinders are identical to those in Fig. 1.

FIG. 5. sColor onlined The intensity distribu-
tions of point sources and their images across a
7a 2D PC slab at frequencyv=0.405s2pc/ad. sad
and scd are for theS wave,sbd and sdd for the P
wave. The point sources are placed at 2a and 9a
from the left surface of the slab, respectively.
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is possible to obtain the same effective refractive index for
both polarized waves through choosing suitable dielectric
components to insert. For example, when the dielectric cyl-
inders with R=0.11a and e=12.96 are inserted, the fre-
quency positions with relative refractive index of −1 become
v=0.405s2pc/ad for the S and P waves at the same time.
That is to say, the same structure yieldsn=−1 at the same
frequency for both polarized waves.

In order to demonstrate the above analysis, we do numeri-
cal simulations in the present systems. We take a slab sample
with a 40a width and 10a thickness. The surface normal of
the PC slab is along theGM direction. The parameters of
coated cylinders are the same as the cases in Fig. 2. When a
slit beam goes through the slab material, it will be refracted
two times by two interfaces of the slab. There are different
ray traces for the wave transmitting through the slab sample
with various effective indexes, when the wave does not inci-
dent on the interface with normal direction. From the ray
traces, we can deduce the effective refraction index of the
slab material.28

The calculated results of the negative refraction indexes
as a function of the frequency are plotted in Figs. 3sad and

3sbd. Figures 3sad and 3sbd correspond to the cases before
and after the insertion, respectively. The solid lines corre-
spond to theS wave and the dotted lines to theP wave. It is
seen clearly that the positions of effective refractive index of
n=−1 for theS and P waves in the original system are dif-
ferent. Comparing them with the estimated results from the
equifrequency surface, we find that the agreements between
them are well. However, the cross point of effective refrac-
tive indexes ofn=−1 for the S and P waves appears at
v=0.405s2pc/ad after the dielectric cylinders with
R=0.11a ande=12.96 are inserted. This agrees with the per-
turbative approach.

III. NON-NEAR-FIELD IMAGE OF UNPOLARIZED
ELECTROMAGNETIC WAVE

In the following, we design the flat lens to realize the
far-field focusing and image of an unpolarized wave by using
the above modulated PC system. We take a slab of the
sample with 40a width and 7a thickness. A continuous-wave
point source is placed at a distance 3.5a shalf thickness of the
sampled from the the left surface of the slab. The frequency
of the incident wave emitting from such a point source is
0.405s2pc/ad, which corresponds to the case with relative
refractive index of −1 for both polarized waves.

We employ the multiple-scattering method31 to calculate
the propagation of both polarized waves in such a system.
The typical results ofEz field pattern for theS wave andHz
field pattern for theP wave across the slab sample are plot-
ted in Figs. 3sad and 3sbd, respectively.X andY present the
vertical and transverse directions of the wave propagating.
The fields in the figures are over a 10a310a region around
the center of the sample. The geometries of the PC slab are
also displayed. One can find quite a high quality image
formed in the opposite side of the slab. A closer look at the
data reveals that the transverse widths of the central peaks
are about 1.05l for the S wave and 0.8l for the P wave. In
particular, the positions of the images for both polarized
waves are approximately the same. They are about at a dis-
tance of 3.5a from the right surface of the slab. That is to say,
the image of the unpolarized wave point source can be real-
ized by such a 2D PC slab. In order to clarify the sample
thickness dependence of the image and focusing, we have
also checked a series of slab samples with various thickness.
Similar phenomena have also been observed.

In the following, we move the light source and see what
happens to the imaging behavior. We first put a point source
near the left surface of the slab, such as 2.0a from the left
surface. The calculated intensity distributions for theSandP
waves are plotted in Figs. 4sad and 4sbd, respectively. The
images are found near 5a from the right surface. The corre-
sponding results, that a point source is far from the left sur-
face, are displayed in Figs. 4scd and 4sdd, respectively. In this
case, the point source is placed at a distance of 5.0a from the
left surface of the sample and the images are found near 2a
from the right surface. That is to say, the images for both
polarized waves obey fairly well the formulaA+B=L at the
same time. HereA and B represent the object and image
lengths, respectively,L is the thickness of the PC lens.

FIG. 6. Intensity distribution along the transversesyd direction
at the image plane.sad andsbd correspond to the case for theSwave
and P wave with absorptionsdotted linesd and those without ab-
sorptionssolid linesd. scd andsdd to the cases for theP wave andS
wave with absorptionsdotted linesd and those with absorption and
gain ssolid linesd. The crystal and parameters are identical to those
in Fig. 4.
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In the above calculations, we do not consider the effect of
absorption. If we consider the effect of absorption and use
the real dielectric constantsg=340d, our simulations show
that the positions of the images do not change, except that
the intensities of image peaks decrease for both polarized
waves. For example, the transmission efficiency reduces
19% for theSwave and 20% for theP wave. It is interesting
that the losses for both polarized waves can be overcome by
introducing the same optical gain in the system. Figures 5sad
and 5sbd show the intensity distributions as a function of
transverse coordinatesy/ad for theSwave and theP wave at
the image plane, respectively . The solid lines correspond to
the cases without absorption and the dotted lines to those
with absorption. Comparing them, we find that the central
peaks of the images decrease with the introducing of the
absorption, which are in agreement with the previous
results.24,28 The results, by introducing optical gain to re-
move the absorption for the corresponding case, are plotted
in Figs. 5scd and 5sdd, respectively. The dotted lines in Figs.
5scd and 5sdd are the same as those in Figs. 5sad and 5sbd.
The solid lines are the results for theSandP waves with the
dielectric constante=14−0.15i of the dielectric part of the
coated cylinder, respectively. It is seen clearly that the losses
by the absorption for both polarized waves have been over-
come completely by introducing a small optical gain at the
same time.

IV. SUMMARY AND CONCLUSION

In this work, we propose a simple and efficient method to
engineer absolute negative refraction forboth polarizations
of electromagnetic wave in 2D PC by adding an additional
component into the existing photonic crystal. The dielectric
property of the additional component, as well as its insertion
position in a unit cell, are chosen according to the field-
energy distribution of the Bloch states at the band edges.
Based on these, the flat lens has been designed, and the non-
near-field focus and images for both polarized waves at the
same structure and parameters, explicitly following the well-
known wave-beam negative refraction law, have been real-
ized. It is interesting that the losses by the absorption for
both polarized waves can also be compensated by introduc-
ing a small optical gain at the same time.
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