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Absolute negative refraction and imaging of unpolarized electromagnetic waves
by two-dimensional photonic crystals
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Absolute negative refraction regions fboth polarizations of electromagnetic wave in two-dimensional
photonic crystal have been found through both the analysis and the exact numerical simulation. Especially,
absolute all-angle negative refraction fmsth polarizations has also been demonstrated. Thus, the focusing and
image of unpolarized light can be realized by a microsuperlens consisting of the two-dimensional photonic
crystals. The absorption and compensation for the losses by introducing optical gain in these systems have also
been discussed.
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I. INTRODUCTION very interesting that the absolute negative refraction region

Recently there has been a great deal of interest in studying®" be found and the focusing of both polarized waves
a novel class of media that has become known as thBe realized in the 2D PC at the same time. In this paper,
left-handed materials1® These materials are characterizedWe Will demonstrate that the complete negative refraction
by simultaneous negative permittivity and permeability.r€égions for all polarizations exist in some 2D metallodielec-
Properties of such materials were analyzed theoreticalljfic PC structures. Especially, the absolute AANR has
by Veselago over 30 years a§dput only recently they glso b_een found. Thus_, the focusm_g and image of unpo_lar-
were demonstrated experimentdif.As was shown by ized light can be realized by a microsuperlens consisting
Vesselago, the left-handed materials possess a number @f the 2D PC. _
unusual electromagnetic effects including negative The rest of this paper is arranged as follows. In Sec. I,
refraction, inverse Snell's law, reversed Doppler shift, we demonstrate the absolute all-angle negative refraction
and reversed Cerenkov radiation. These anomalougehaviors in 2D PC. The imaging behaviors for both
features allow considerable control over light propagatioriPolarized waves are discussed in Sec. lll A conclusion is
and open the door for new approaches to a variety ofiven in Sec. IV.
applications.

It was shown that the negative refraction could also occur II. ABSOLUTE NEGATIVE REFRACTION IN 2D PC
in photonic crysta{PC).2%-%2In these PC structures, there are . . . .
two kinds of cases for negative refraction occuring. The first We first consider a 2D square lattice of coated cylinders

is the left-handed behavior as being described aB&#éIn Immersed in a air background with lattice constant
The coated cylinders have metallic cores coated with

this casek, E andH form a left-handed set of vecto(se., 5 gielectric coating. The radii of metallic core and coated
S-k<0, whereS is the Poynting vectoys Another case is cylinder are 0.1& and 0.4%, respectively. The dielectric
that the negative refraction can be realized without employconstant of dielectric coating is taken as 14, which can
ing a negative index or a backward wave efféct?In this  be realized by a mixture of glass spheres and alumina
case, the PC is behaving much like a uniform right-handediake?” For the metallic component, we use the frequency-
medium(i.e., S-k>0). In particular, Luoet al2” have shown dependent dielectric constante=1-[f3/f(f+iy)]. For
that all-angle negative refractiddANR) could be achieved all numerical calculations carried out in this work, following
at the lowest band of two-dimension@D) PC. The advan- Ref. 34, we have chosef},=3600 THz andy=340 THz,
tages of negative refraction in the lowest valence band arehich corresponds to a conductivity close to that of Ti.
the single-beam propagation and high transmission effiHowever, our discussions and conclusions given below
ciency. These can help us to design microsuperlens and realan apply to other metal parameters as well. In order
ize the focusing of the wave. Very recently, the focusing ando simplify the problem, we first consider the cases without
the image by 2D PC slab have been demonstratedbsorption(y=0). The effect of absorption will be discussed
experimentally?8-30 at the latter part. The band structures of this system for
It is well known that the electromagneti&M) wave the S wave and theP wave are calculated by the multiple-
can be decomposed int& polarization (S wave) and  scattering Korringa-Kohn-Rostoker method. The method
H polarization(P wave) modes for the 2D PC structurés. has been described in Ref. 35. The results are shown in
However, the above discussions about the negative refractidrig. 1. Solid curves are for thE wave and dotted curves
and the focusing of the wave in the 2D PC all focusedfor the Swave. We focus on the problems of wave propaga-
on a certain polarized wav8wave orP wave. It is a natural tion in the low frequency band. Owing to the strong scatter-
question to ask whether or not a complete negative refractioing effects, it is generally difficult to describe the propaga-
region for all polarized waves exists? It is obviously tion behavior of the EM wave in the PC in a simple
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FIG. 2. Several constant-frequency contours $owave (solid
lines) and P wave (dotted line$ of the first band of the 2D coated
; PC. The structure and parameters of the PC are identical to those in
0.10 iy T Fig. 1. The numbers in the figure mark the frequencies in unit of

r 2mc/a.

FIG. 1. The calculated photonic band structures of a square . .
lattice of coated cylinder in air foS wave (dashed linesand ~ Nent along the surface of refraction would result in the
P wave (solid lineg. The radii of the dielectric cylinder with negative refraction effect in this case. More interestingly,
e=14 and inner metallic cylinder arR=0.4% and r=0.1%, the EFS contours for th& wave and theP wave at this
respectively. The light line shifted td is shown by the dashed line. frequency are basically the same, which leads to the
The shadow represents the AANR region. The inset shows th@ppearance of negative refraction for both polarized waves
microstructure. at the same time. It is valuable to design a frequency region

in the 2D PC to realize the negative refraction for both
yet accurate way. However, a lot of theoretical and experipolarized waves. We call such a regionasolute negative
mental practices?22>273L3%have shown that the overall refraction region Within this region, some frequencies
behavior of the wave propagation within a PC can beishadow region in Fig. Jlare below 0.5 2mc/ag (where
well described by analyzing the equifrequency surfacey is the surface-parallel peripdAccording to the analysis
(EFS of the band structures, because the gradient vectorgpproach of Ref. 27, we find that they satisfy the required
of constant-frequency contours ki space give the group condition for all-angle negative refraction AANR).
velocities of the photonic modes. Thus, the propagationynder these conditions, a EM beam incident on ik
direction of energy velocity of the EM wave can be deducedsyrface with various incident angle will couple to a
from them. The EFS of the above system can also b&jngle Bloch mode that propagates into this crystal on
calculated by using the multiple-scattering Korringa-Kohn-the negative side of the boundary normal. We define a
Rostoker methOaS.The EFS contours for thsWaVe and the frequency region for the AANR by using these Criteria
P wave at several relevant frequencies are demonstrated Hbcording to Ref. 27. The shadow regigwidth 2.5%
Fig. 2. around w=0.23327c/a)] in the Fig. 1 represents such
_ Itiis clear from the figures that the lowest bands havey common region footh polarizations of EM wave(S
S-k>0 everywhere within the first Brillouin zone, meaning wave andP wave. We call it absolute AANR regionin
that the group velocitiefv,) are never opposite to the this region, a slit beam of wave andP wave incident
phase velocity. Some low frequency contours such as 0.18n thel'M surface with various incident angle will propagate
and 0.2 are very close to a perfect circle, and the groupnto this crystal on the negative refraction side at the
velocity at any point of the contour is collimated with same time.
the k vector, indicating that the crystal behaves like an In order to test the above analysis, we do numerical
effective homogeneous medium at these long wavelengthsimulations in the present systems. We take the slab samples
However, the 0.232 contours for both of tBavave and the which consist of 15-layer coated cylinders in the air
P wave are significantly distorted from a circle, which are background with square arrays. The parameters of coated
convex aroundvl points. The conservation of thecompo-  cylinders are the same as the case in Fig. 1. The shape of the
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FIG. 4. The angles of refractiofv) versus angles of incidence
(6y) at @=0.23227c/a). Circle dots are corresponded to tiSe
wave and triangular dots to tiewave. The crystal and parameters
are identical to those in Fig. 3.

will be refracted two times by two interfaces of the
slab. There are two kinds of possibility for the refracted
wave. It may be travel on the path of positive refraction
or the path of negative refraction as shown in the figure.
The simulations are based on a highly efficient and accurate
multiple-scattering methot?. In our simulations, the
widths of the samples are taken enough large, such@agd0
avoid the edge diffraction effects. The simulation results for
the P wave and the&s wave are plotted in Figs.(8) and 3b),
respectively. The field energy patterns of incidence and re-
fraction are shown in the figures. The arrows and texts illus-
trate the various beam directions. It can be clearly seen that
the energy fluxes of refraction wave outside of the sample
travel on the path of negative refraction. From the directions
of refraction energy flux, we can obtain the refraction angle
and further refraction index. For example, the refraction
angles under the above casecwat0.23227c/a) are about
35° for both polarized waves, which are consistent with the
estimation from the EFS in Fig. 2. Then, using Snell’s law,
we obtain the effective refraction indexes of —0.872. Varying
the shape of wedge sample, we have checked the case with
different incident angle. Figure 4 shows the refracted afgle
versus incident anglé, at «=0.23227c/a) for the Swave

shape of the sample and a snapshot of refraction process are Sho\(‘(’ﬂrcle doty and theP wave (triangular doty respectively.

on top of the figure. The intensities of electric field ®wave (a)
and magnetic field foP wave (b) for incidence and refraction are

Apart from a small region of zero refracted angle corre-
sponding to the small incidence angles, all-angle negative

shown. The 2D PC slabs with 15-layer thickness are marked as darljéfraction can be observed for both polarized waves at this

dots in the figure. The frequencies of incident wave ase
=0.2322wc/a) for both polarized waves. The crystal and param-
eters are identical to those in Fig. 1.

frequency. Since we know the optimum frequency for a
broad angle negative refraction, we can use our PC to test the
microsuperlens effect.

sample and a snapshot of refraction process are shown on tt]ﬁ IMAGING OF UNPOLARIZED ELECTROMAGNETIC

top of Fig. 3. The black frame marks the size of the sample.

The surface of the sample is th@l) surface. When
a slit beam of frequency=0.23227c/a) with a half-width

3a incident normal to the left surface of the sample, it

WAVE

It is well known that an important application of negative
refraction materials is the microsuperlénieally, such a
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FIG. 6. Intensity distribution folS wave (a) and P wave (b)
along the transversgy) direction at the image plane for several
frequencies shown as insets. The crystal and parameters are identi-
cal to those in Fig. 5.
®) -0 ) X (a) propagation of both polarized waves in such a system.

The typical results ofg, field pattern for theS wave and
H, field pattern for theP wave across the slab sample
are plotted in Figs. & and Xb), respectively.X and Y
resent vertical and transverse direction of wave propagat-
ng, respectively. The fields in the figures are ovema20
& 20a 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
superlens can focus a point source on one side of thelab. A closer look at the data reveals a transverse(fitle
lens into a real point image on the other side even for thesize at half-maximumof the image spot as (a9or 0.21\)
case of a parallel sided slab of material. However, all discusfor the S wave and 0.8& (or 0.2\) for the P wave. In par-
sions about the imaging by 2D PC microsuperlens had foticular, the positions of the image for both polarized waves
cused on a certain polarized wav@ wave or P wave. A  are approximately the same. They are almost at a distance of
image of unpolarized light source had not been realizedl.0a from the right surface of the slab. That is to say, the
Based on the knowledge of the absolute negative refractiorimmage of unpolarized wave point source can be realized by
in the following, we will explore the possibility to realize such a 2D PC slab.
such a image. Our calculations indicate that the high quality images
In order to model such a superlens, we take a slab ofor the unpolarized wave can be obtained only in some
the sample with 48 width and seven-layer thickness. A certain frequency regiongbsolute AANR regiorishadow
continuous-wave point source is placed at a distanceegion in Fig. 3. The physical reason can be understood
1.0a from the left surface of the slab. The frequency of theby the analysis of Lot al3! In order to show this feature,
incident wave emitting from such a point source iswe have plotted the intensity distributions of tlSewave
0.2312wc/a), chosen to lie within the region where absoluteand the P wave along the transverse directidg/a) at
all-angle negative refraction may occgsee Fig. 1. We the image plane for several frequencies in Fig&) @&nd
still employ the multiple-scattering method to calculate the6(b), respectively. Solid lines in figures represent the case

FIG. 5. (Color online E, field patterns forS wave (a) and H,
field patterns forP wave (b) of point sources and their images
across a seven-layer 2D photonic crystal slab at frequenc
®w=0.23127c/a). The parameters for cylinders are identical to
those in Fig. 3. Dark and bright regions correspond to negative an
positive E, (or H,), respectively.
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1.0 — T T T T introduce the optical gain in the 2D PC superlens. Because
1 1 it is not sensitive to the absorption and the gain for Ehe
wave in the present system, we only present the calculated

results for theSwave. Figure 7a) shows the intensity distri-
bution as a function of transverse coordinétéa) for the S
wave at the image plan¢l.0a away from the second
interfacg. CurveA is corresponded to the case without ab-
sorption and curv® to that with absorption, in this cageis
taken as 340 THz. Comparing curewith curveB, we find
that the central peak of the image decreases with the intro-
St , S duction of absorption, which is in agreement with the analy-
a) 105 -8 7 -6 5 4 3 - sis of Ref. 31. The result by introducing gain to remove the
. absorption for the corresponding case is plotted in F).7
CurvesB in Figs. 1a) and {b) are the same, and curéin
Fig. 7(b) is the result with the dielectric constart14
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) —-0.12 for the dielectric part of the coated cylinder. We do

5 064 not find any difference between curvein Fig. 7(@ and

g curveC in Fig. 7(b). In fact, for any case of absorption, the

£ 0.4 loss can always be compensated by introducing the fitted

= gain. Thus, the lens based on the above 2D PC can work well

3 even in the presence of absorption. We would like to point

£ 029 out that the optical gains being introduced are small and they

cannot let the system reach the threshold of lasing. Thus, no

0.0 T lasing solutions can be produced in the present cases. The

(b) 10-9-8-7-6-5-4-3- optical gain here only plays a role on improving the wave

intensity.

FIG. 7. Intensity distribution along the transveisg direction

at the image plandga) The case with absorptiof) and that with-

out absorption(A). (a) The case with absorptiofB) and that with
absorption and gai(C). The crystal and parameters are identical to  Based on the exact numerical simulations and physical
those in Fig. 5. analysis, we have found the absolute negative refraction

with ©=0.23%27c/a) (in the absolute AANR regior regions _for b.Oth polarizations of EM wave in the.
The good foi(using )efgects for both polarized wa%gg arégoD PC. Especially, the absolute all-angle negative refraction

IV. CONCLUSION

clearly visible at this case. With increasing or decreasing th or b.Oth polarlzgtlons has also b?en dgmonstrated. The
excitation frequencies of the monochromatic sources, anfPcusing and image of unpolarized light have been
going beyond the absolute AANR region such as dotted?btamed by a microsuperlens consisting _of the 2D PC.
dashed, and dotted-dashed lines in Figs) Gnd &b), we Althou_gh the losses due to the apsorptlo_n reduce the
find that the focusing effects degrade gradually and disappedtensity of the central peak of the image, it can always
at the end. be compensated by introducing fitted optical gain in
The above discussion only focused on one kind of metalthese systems. Therefore, the lens based on the 2D PC
lodielectric system. In fact, a few other systems also possed§ applicable even in the presence of absorption. We
similar character, such as some systems of coated cylind&ope that this work can stimulate the interests of experimen-
with internal metal cylinder coated by semiconductortal studies of focusing and image of unpolarized light
Ge (e=18) in air background. The common feature of thesein the 2D PC.
systems is that they all include metal component. Therefore,
the absorption for these systems is inevitable. ledral 3t ACKNOWLEDGMENTS
have pointed out that the central image peak disappears and
the image degrades gradually with the increase of absorption. The authors wish to thank C. T. Chan for useful discus-
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