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Subwavelength far-field resolution in a square two-dimensional photonic crystal
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It has been suggested that a subwavelength image can be realized by a photonic crystal slab with a square
lattice in the lowest band. However, due to the anisotropy of dispersion in such a photonic structure, the image
only appears in the near-field region. In this paper, we show that subwavelength far-field focusing and imaging,
explicitly following the well-known wave-beam negative refraction law with relative refractive index of -1,
can also be realized by a square photonic crystal through choosing suitable scatterers for the lowest valence
band.
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Recently there has been a great deal of interest in studyingith relative refractive index of =1 can also be realized by a
an interesting class of media that have become known aBC superlens with a square lattice for the lowest valence
left-handed materiald.HMs) [1-19|. The properties of such pand.
materials were analyzed theoretically by Veselago over \ye consider a 2D square lattice of coated cylinders im-
30 years agdl], but only recently were they demonstrated \arseq in an air background with lattice constasB mm.

experimentally{2,3]. As was shown by Vesselago, the left- +, a0 cylinders have metallic cores coated with a di-
handed materials possess a number of unusual electroma

netic effectd4-13]. These anomalous features allow consid—‘g_ectric coating. The radii of metgllic core anq coat.ed cylin-
erable control over light propagation and open the door for €7 are 0.48 and 0.4%, respectively. The dielectric con-
application of negative refraction materials is the microsu-component, we use the frequency-dependent dielectric con-
perlens[1,4]. Ideally, such a superlens can focus a pointstant[35]

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 mate-

rial. It possesses some advantages over conventional lenses. f2
For example, it can break through the traditional limitation €= —mp.—, (1)
on lens performance and focus light onto an area smaller (f+iy)

than a square wavelength. Recently, such image behaviors

based on the LHM superlens have been observed by some

numerical simulation§14—16 and experimental measure- Wheref, andy are the plasma frequency and the absorption
ments[17-19. coefficient. Following Ref[35], for all numerical calcula-

It was shown that negative refraction could also occur in dions carried out in this work, we have chosefy
photonic crystal(PC) [20-33. The physical principles that =3600 THz andy=340 THz, which corresponds to a con-
allow negative refraction in them arise from the dispersionductivity close to that of Ti. However, our discussion and
characteristics of wave propagation in a periodic mediumgonclusions given below can apply to other metal parameters
which can be described by analyzing the equifrequency sus well. We first calculate the band structure of the above
face (EFS of the band structurg®0-33. In particular, Luo  system. The calculations are performed by using a highly
et al. [24] have shown that all-angle negative refractionefficient and accurate multiple-scattering Korringa-Kohn-
could be achieved in the lowest band of a two-dimensionaRostoker method@35]. The calculated results of band struc-
(2D) PC. The advantages of negative refraction in the lowesture in the absence of absorption=0) for the P wave are
valence band are the single mode and high transmissioplotted in Fig. 1. We focus on the problems of wave propa-
These can help us to design a microsuperlens and realizgation in the first band. The propagation behaviors of the EM
focusing of the wave. Recently, subwavelength focusing angvave in such cases can be deduced from analyzing the EFS
imaging by a 2D PC slab have been observed experimentallgf the band structures. The EFS contours of the above system
[25-29. However, due to the anisotropy of dispersion in aat several relevant frequencies are demonstrated in Fig. 2.
2D PC, such images appear only in the near-field region It is clear from the figure that some low frequency con-
[30-37. Thus, extensive applications of such a phenomenotours such as 0.1 and 0.2 are very close to a perfect circle.
are limited. Very recently, all-angle single-beam left-handedThe propagation direction of the wave is oriented to the
behaviors for polarized electromagnetiEM) waves have group velocity vector which is normal to the EFS. At the
been demonstrated in a two-dimensional PC with a triangulalowest band, the direction of the group velocity at any point
lattice[33]. Good-quality non-near-field images and focusingof the contour is collimated with the wave vectgrindicat-
have been observed in these syst¢B%34). In this work, ing that the crystal can be regarded as an effective homoge-
we show that far-field focusing and imaging explicitly fol- neous “right-handed” medium at these long wavelengths.
lowing the well-known wave-beam negative refraction lawHowever, with the increase of the frequencies, the contours
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FIG. 1. The calculated photonic band structures of a square

lattice of coated cylinder in air for th® wave. The radii of the
dielectric cylinder and inner metallic cylinder aR=0.4% andr
=0.43, respectively. The dielectric constants arel4. Dotted line
marks the case with relative refractive index of —1.

are significantly distorted from a circle, which are convex
around pointM. The conservation of thke component along
the surface of refraction would result in a negative refractio
effect in these casd24-32.

In general, the convex contour around the pdihtis a
square(or anisotropi¢ in the lowest band of a PC with a
square lattice rather than a circle, as required by a homog
neous medium. Thus, when a plane wave is incident fro

vacuum to the PC, the refracted angles are not linearly pro

portional to the incident angles. This is the reason that onlyén the multiple-scattering methd@5]. The calculated re-
X .

the near-field images have been observed in previous wo

[24-32. If we can construct a circle convex around the point

M through choosing suitable scatterers, the properties of h
mogeneous negative refraction materials can also be o
tained in PCs according to the above analysis. The prese
PC system possesses such a feature. The EFS contour
0w=0.31127c/a) (marked in Fig. 2 is almost a circle
around the pointM. In the following, we investigate the

relation between the incident angles and the refracted angle

at this frequency by exact numerical simulation.

We take a slab sample which consists of a 20-layer coate

cylinder in the air background with a square array. The sur

y
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FIG. 3. The angles of refractiofv) versus angles of incidence
(6y) at w=0.3142wc/a). The crystal and parameters are identical
to those in Fig. 1.

face normal of the PC slab is along th& direction. The

rparameters of the coated cylinders are the same as the cases

In Fig. 1. When a slit beam goes through the slab material, it
will be refracted twice by two interfaces of the slab. There
are different ray traces for the wave transmitting through the
slab sample with various effective indices, when the wave is
not incident on the interface in the normal direction. From
he ray traces, we can deduce the effective refraction index

of the slab materia32,33. The simulations are still based

{
0

sults for the refracted anglé versus incident angl®, are
summarized in Fig. 3 by the dark dots. Since the frequencies
are below 0.82mc/a), all-angle single-beam negative refrac-
'{Jns have been observed. More interestinglyis almost

early proportional tof,. According to Snell’'s law, the ef-
ective refractive index of —1 can be obtained. This feature is
close to the ideal homogeneous LHM system that can serve
as a flat len$1,4].

In order to model such a flat lens, we take a slab sample
\gith 40a width and 14 thickness. A continuous-wave line
source is placed at a distance &.fhalf thickness of the

sample from the left surface of the slab. The frequency of
the incident wave emitting from such a line source is
0.3172mc/a). If the wave transmits in such a 2D PC slab
according to the well-known wave-beam negative refraction
law, one should observe the focusing point in the middle of
the slab and the image at the symmetric position in the op-
posite side of the slab, as is depicted by the simple picture on
the top of Fig. 4.

To see whether or not such a phenomenon exists, we em-
ploy the multiple-scattering methofB5] to calculate the
propagation of waves in such a system. We adopt a real
dielectric constant for metal componertg=340 TH2. In
previous investigation32,33, our calculations had shown
that the position of the image does not change with the in-

FIG. 2. Several constant-frequency contours of the first band offoduction of the absorption, except that the intensity of the
the 2D photonic crystal, which corresponds to the case in Fig. 1image peak decreases. This is because the effect of the ab-

The numbers in the figure mark the frequencies in unitswt/2.
k and vy represent the wave vector and the group velocity,
respectively.

sorption on the band structure of the PC is very siit.
Here similar phenomena are found again. A typical field in-
tensity pattern across the above slab sample is plotted in Fig.
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FIG. 5. The intensity distributions of point sources and their
images across an 412D PC slab at frequency=0.3112nc/a).
(a) and (b) represent the cases with different source positions, dis-
tances 2 and & from the left surface of the slab, respectively. The
crystal and parameters are identical to those in Fig. 1.

about 1.2, which is near the conventional diffraction limit.

In addition, we find that the transmission efficiencies are

_ FIG. 4. (a) The intensity distributions of a point source and its 3204 and 36% in the presence and absence of the absorption,
image across a&2D PC slab at frequency=0.3142mc/a). (D)  yegpectively. The main loss is associated with a finite reflec-
The corresponding case for a slab withalthickness. Schematic tion on the interface of the sample.

picture depicting the I_ensing of a source by a PC slab to an i_magt_a is To have a more complete vision of the imaging effect of

shown on top of the figure. The crystal and parameters are |dent|czt1#1, .

to those in Fig. 1. is type of flat Igns, we move t_he light source anql see what
happens to the imaging behavior. We first put a line source
near the left surface of the slab at a&distance from the

4(b). X andY represent the vertical and transverse directiondeft surface. The calculated intensity distribution is plotted in
of wave propagation, respectively. The field intensity in Fig.Fig- 5a). The image is found nearadrom the right surface.

4 is over a 3@ 30a region around the center of the sample.The corresponding result when a line source is far from the
The geometry of the PC slab is also displayed for clarity ofl€ft surface is displaye_d in Fig.(B). In this case, the line
view. The high quality image in the opposite side of the slabSource is placed at a distance of@féom the left surface of
and the focusing in the middle of the slab according to theh® sample and the image is found nearfeom the right -
wave-beam negative refraction law are observed clearly. Igurface. We test the various positions of the source and im-
order to clarify the sample thickness dependence of the im@de; similar phenomena can be found. These observations
age and focusing, we have also checked a series of sidBdicate clearly that the imaging behaviors depend on the
samples with various thickness. Similar phenomena havélab thickness and the object distance, following explicitly
also been observed for the thick slabs. For example, Fiyy. 4 the well-known wave-beam negative refraction law.

shows the calculated field energy pattern for a thick In summary, based on exact multiple-scattering numerical
sample. A monochromatic line source is placed at a distancgimulations and physical analysis, we have investigated the
of half the thickness of the samp(8.5a) from the left sur- image behaviors of a 2D metal-dielectric PC with a square
face of the slab and its image is found again near the synlattice by adopting a realistic dielectric constant for the metal
metric position in the opposite side of the slab. A closer lookcomponents. Subwavelength far-field focusing and imaging,
at the data reveals a full transverse size of the central peadxplicitly following the well-known wave-beam negative
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