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Tunable non-near-field focus and imaging of an unpolarized electromagnetic wave
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We propose a simple and efficient method to engineer absolute negative refractimthfpolarizations 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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l. INTRODUCTION tion (P wave modes for the 2D PC structurés?® However,

During the past few years, there has been a great deal tpe apove discussions_ about the negative refraction and _the
interest in studying the focus and imaging of electromagneti¢ocusing of the wave in the 2D PC all focused on a certain
waves based on the left-handed matefiaHM) or two- polarized waveS wave orP wave. Recently, absolute nega-
dimensional(2D) photonic crystalPC) flat lens:29Ideally,  tive refraction regions foboth polarizations of electromag-
such a lens can focus a point source on one side of the lemetic wave in 2D PC with a square lattice have been fctind.
into a real point image on the other side even for the case ofhus, the focusing and image of unpolarized light have
a parallel-sided slab of materiaf.It possesses some advan- been realized by a microsuperlens consisting of such a PC
tages over conventional lenses. For example, it can brealRef. 24. However, due to the anisotropy of dispersion in
through the traditional limitation on lens performance and2D PC, such images only appear in the near-field regfon.
focus light on to an area smaller than a square wavelengtiThus, extensive applications of such a phenomenon are
Recently, such image behaviors based on the LHM superlengnited.
have been observed by some numerical simulafidhand In this work, we present a method to engineer the absolute
experimental measurements!* The 2D photonic-crystal- npegative refraction by adding an additional component into
based flat lenses have also been designed and the imaggg existing photonic crystal. The dielectric property of such
have also been observed in the near-tieff and non-near- 5 component, as well as its insertion position in a unit cell,

fieldhregionsz.5‘29 lati he i . are chosen according to the field-energy distribution of Bloch
There are two aspects relafing to the image. One is poSiaiag gt the band edges. According to such a method, the

ﬁfgoghntigﬁz(if:ne\:ﬂ d(:rr1 naﬁnﬁgﬁaggiliﬂ]zen%'%?ﬁg fcggu(?hse;f non-near-field focus and images for both polarized waves at
P he same structure and parameters, explicitly following

The position of the image depends on the effective refractiv he well-known wave-beam neaative refraction law. can be
index n of the sample and the homogeneity of the materials. 9 '

For the case witm=-1 and single-mode transmission, the '€a/iz€d.
imaging behavior depends on the slab thickness and the os
object distance, explicitly following the well-known wave-
beam negative refraction law as Refs. 27-29 had pointec 5]
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 wdfk&! The 5 %7
position of the image does not depend on whether or not thes
evanescent waves are amplified. That is to say, the focu:@
and image can still be observed if only the propagating”
waves are considered. In such a case, the image resolutio 0.1
cannot beat the diffraction-limit. In contrast, the superlensing
effect comes from the evanescent wav@s resonance 004
transmission The excitation of surface moder the appear-

ance of resonant transmissjoran improve the image FIG. 1. The calculated photonic band structures of a triangular
resolution??2° This rule holds not only for the images in |attice of coated cylinder in air foa) S wave andb) P wave. The
the near-field region, but also for the images in the non-neaadii of the dielectric cylinder i&=0.4a. The inner metallic cylin-
field region?? ders areg =0.25 for both polarized waves. The dielectric constants

It is well known that the electromagnetiEM) wave can  aree=12.96. Dotted lines vs. the frequencies with negative refrac-
be decomposed intl polarization(Swave andH polariza-  tion index of -1
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84 [ FIG. 3. Effective indexes vs frequenciés before andb) after
? Q it the additional components are inserted. The solid lines and dashed
N -:62:: lines correspond to th8 wave andP wave, respectively. The posi-
."2;:" tions of relative refractive index of —1 are marked by dotted lines.
4
§ 4 ezl—fﬁ/f(fﬂy), wheref, and y are the plasma frequency
21 and the absorption coefficient. Following Ref. 30, for all nu-
; e ; merical calculations carried out in this work, we have chosen
2 4 6 8 10 f,=3600 THz andy=340 THz, which corresponds to a con-

ductivity close to that of Ti. However, our discussion

FIG. 2. (Color onling (a) The distribution of the absolute value @nd conclusions given below can apply to other metal
of the electric field outside the cylindéin arbitrary unitg at the ~ Parameters as well. In order to simplify the problem, we first
band edge P in the Wigner unit cell for theS wave. (b) The  consider the cases without absorptiop=0). The effect of
distribution of the absolute value of the displacement field outsideabsorption will be discussed at the latter part. The band
the cylinder(in arbitrary unit$ at the band edgel2in the Wigner  structures of this system are calculated by the multiple-
unit cell for the P wave. The corresponding Wigner unit cell is scattering Korringa-Kohn-Rostoker meth#idlhe results for
plotted on the top of the figure. the S and theP waves are plotted in Figs.(d and Xb),

respectively.

This paper is arranged as follows. Our perturbative Similar to the numerical simulations in Ref. 28, aII-angIe
method to engineer negative refraction is described in Segingle-beam left-handed behaviors with relative refractive in-
II. In Sec. Ill, we design a flat lens to realize the non-near-dex of n=-1 for the S wave atw=0.492wc/a) and theP
field focus and images for both polarized waves at the sam&ave atw=0.442mc/a) have been found in this system.

time. A conclusion is given in Sec. IV. Dotted lines in Fig. (a) and 1b) mark both of cases, respec-
tively. However, we cannot find that the same structure and
Il. PERTURBATIVE METHOD TO ENGINEER NEGATIVE parameters yield=—-1 at the same frequency for both polar-
REFRACTION izations in this system.

In the following, we show that such a case can be realized

We consider a two-dimensional triangular lattice of coatedhy adding an additional component to the existing photonic
cylinders immersed in an air background with lattice con-crystal. The dielectric properties of such a component are
stanta=3 mm. The coated cylinders have metallic coreschosen according to the field-energy distribution of Bloch
coated with a dielectric coating. The radii of metallic care  states at the band edges. Thus, we calculate the field-energy
and coated cylinde(R) are 0.2% and 0.4, respectively. The distribution of band-edge state in a unit cell. For the@int
dielectric constants of dielectric coating are taken as 12.96f the Swave in Fig. 1a), the absolute value of electric-field
for both polarized waves. For the metallic component, wedistribution outside the cylinder in a Wigner unit cell is plot-
use the frequency dependent dielectric const®ef. 30, ted in Fig. Za). It is shown that the electric fielE,(r)| at
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Heres(r) and o, represent the new dielectric constant and
eigenfrequency, respectively, corresponding to the original
and wp,,. The functions(r)—&(r) is nonzero, only at the in-
e sertion position. The shift tendency and range of the band
-10-8-6-4-2 02 4 6 810 edge depend sensitively on the dielectric properties of the

X 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 tf&wave, for theP wave,
when the new components are inserted into the unit cell, the
frequency shift can also be estimated by the following
relation3!

o f (5 71(r) - o~ D) Pt
(w_k) 1= . ©

@nk -1 2
& ()| Dpr)[*dr
FIG. 4. (Color online The intensity distributions of point

sources and their images across a 2D photonic crystal slab with 7 . . . .
thickness at frequency=0.4082xc/a) for (a) S wave and(b) P HereD,,(r) represents the displacement field in the unit cell.

wave. The parameters for cylinders are identical to those in Fig. lTh_e Inte_nSIty d_'Str'bUt'O_n of dlsplacement field outside the
cylinder in a Wigner unit cell at thel2point of theP wave
six symmetric points of the Wigner unit cell are large. If we in Fig. 1(b) is plotted in Fig. 2b). We find that the displace-
choose the dielectric materials to insert at the positions oment field|D,(r)| at six symmetric points of the Wigner unit
these points, the field distribution in the unit cell will change, cell are also large. If we choose the same dielectric compo-
which leads to the shift of the band edge. The shift tendencyents to insert the same positions in the unit cell for Ehe
and range for thé&s wave can be estimated by the following wave as the case of tf&wave, the drop of the frequency at
perturbation formula, which had been presented in our prethe A" point can also be found. However, the shift extent for
vious investigationg* the P wave is smaller than that for tfewave. Therefore, it

B 2 FIG. 5. (Color online The intensity distribu-

2 86 -4-20 246 81012 tions of point sources and their images across a
7a 2D PC slab at frequenay=0.4052m7c/a). (a)
and(c) are for theS wave, (b) and (d) for the P
wave. The point sources are placed atahd &
from the left surface of the slab, respectively.
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0.8

3(b). Figures 8a) and 3b) correspond to the cases before
and after the insertion, respectively. The solid lines corre-
spond to theS wave and the dotted lines to tiewave. 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
w=0.40827c/a) after the dielectric cylinders with
R=0.11a ande=12.96 are inserted. This agrees with the per-
turbative approach.
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IlI. 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 4@ width and ‘& thickness. A continuous-wave
point source is placed at a distanceeB(balf thickness of the
sample from the the left surface of the slab. The frequency
of the incident wave emitting from such a point source is
0.4052mwc/a), which corresponds to the case with relative
refractive index of —1 for both polarized waves.

We employ the multiple-scattering metiiddo calculate
" the propagation of both polarized waves in such a system.

yia yia The typical results oE, field pattern for theS wave andH,
field pattern for the® wave across the slab sample are plot-

FIG. 6. Intensity distribution along the transverse direction  ted in Figs. 8a) and 3b), respectivelyX andY present the
at the image planga) and(b) correspond to the case for tBavave  vertical and transverse directions of the wave propagating.
and P wave with absorptior(dotted line$ and those without ab- The fields in the figures are over adl® 10a region around
sorption(solid lines. (c) and(d) to the cases for the wave andS  the center of the sample. The geometries of the PC slab are
wave with absorptioridotted line$ and those with absorption and glso displayed. One can find quite a high quality image
gain (solid lines. The crystal and parameters are identical to thosefgrmed in the opposite side of the slab. A closer look at the
in Fig. 4. data reveals that the transverse widths of the central peaks

are about 1.0%6 for the Swave and 0.8 for the P wave. In

is possible to obtain the same effective refractive index fomparticular, the positions of the images for both polarized
both polarized waves through choosing suitable dielectriavaves are approximately the same. They are about at a dis-
components to insert. For example, when the dielectric cyltance of 3.2 from the right surface of the slab. That is to say,
inders with R=0.11a and €=12.96 are inserted, the fre- the image of the unpolarized wave point source can be real-
guency positions with relative refractive index of —1 becomeized by such a 2D PC slab. In order to clarify the sample
w=0.40527c/a) for the S and P waves at the same time. thickness dependence of the image and focusing, we have
That is to say, the same structure yielis—1 at the same also checked a series of slab samples with various thickness.
frequency for both polarized waves. Similar phenomena have also been observed.

In order to demonstrate the above analysis, we do numeri- In the following, we move the light source and see what
cal simulations in the present systems. We take a slab samph@ppens to the imaging behavior. We first put a point source
with a 40a width and 1@ thickness. The surface normal of near the left surface of the slab, such asaZit@m the left
the PC slab is along thEM direction. The parameters of surface. The calculated intensity distributions for 8@ndP
coated cylinders are the same as the cases in Fig. 2. Whennaves are plotted in Figs.(@ and 4b), respectively. The
slit beam goes through the slab material, it will be refractedmages are found neaa5rom the right surface. The corre-
two times by two interfaces of the slab. There are differentsponding results, that a point source is far from the left sur-
ray traces for the wave transmitting through the slab sampléace, are displayed in Figs(@ and 4d), respectively. In this
with various effective indexes, when the wave does not incicase, the point source is placed at a distance af 5an the
dent on the interface with normal direction. From the rayleft surface of the sample and the images are found naar 2
traces, we can deduce the effective refraction index of théom the right surface. That is to say, the images for both
slab materiaf® polarized waves obey fairly well the formuka+B=L at the

The calculated results of the negative refraction indexesame time. HeréA and B represent the object and image
as a function of the frequency are plotted in Fig&)and lengths, respectively, is the thickness of the PC lens.

Intensity (arb. units)
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In the above calculations, we do not consider the effect of IV. SUMMARY AND CONCLUSION
absorption. If we consider the effect of absorption and use _ . o
the real dielectric constarity=340), our simulations show In this work, we propose a simple and efficient method to

that the positions of the images do not change, except tha&ngineer absolute negative refraction fmth polarizations

the intensities of image peaks decrease for both polarizedf electromagnetic wave in 2D PC by adding an additional
waves. For example, the transmission efficiency reducesomponent into the existing photonic crystal. The dielectric
19% for theSwave and 20% for th® wave. It is interesting  property of the additional component, as well as its insertion
that the losses for both polarized waves can be overcome Hgosition in a unit cell, are chosen according to the field-
introducing the same optical gain in the system. Figufes 5 energy distribution of the Bloch states at the band edges.
and %b) show the intensity distributions as a function of Based on these, the flat lens has been designed, and the non-
transverse coordinatg/a) for the Swave and thé® wave at  near-field focus and images for both polarized waves at the
the image plane, respectively . The solid lines correspond t§ame structure and parameters, explicitly following the well-
the cases without absorption and the dotted lines to thosgnown wave-beam negative refraction law, have been real-
with absorption. Comparing them, we find that the centralized. It is interesting that the losses by the absorption for
peaks of the images decrease with the introducing of th&oth polarized waves can also be compensated by introduc-
absorption, which are in agreement with the previousng a small optical gain at the same time.

results?*?8 The results, by introducing optical gain to re-

move the absorption for the corresponding case, are plotted

in Figs. 5c) and 3d), respectively. The dotted lines in Figs. ACKNOWLEDGMENTS
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