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Experimental demonstration of non-near-field image formed by negative refraction
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We have experimentally investigated the negative refraction and focusing by a two-dimensional photonic
crystal (PC) made from a triangular lattice of metal-core dielectric-shell coated cylinders. At a certain fre-
quency, the PC structure has an isotropic band at which the phase velocity is antiparallel to the group velocity.
As a result, the PC structure can exhibit negative refraction and the corresponding effective refractive index
can be close to the ideal value of —1. A flat lens formed from such a PC has been designed and its imaging
properties have been investigated systematically. The measurement results show that the flat lens can form
non-near-field images, and the source and image distance follow the conventional wave-beam negative refrac-
tion law for the refractive index of —1 irrespective of the slab thickness and the source distance.
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I. INTRODUCTION

During the past few years, there has been a great deal of
interest in studying the negative refraction of electromag-
netic (EM) waves in the left-handed materials (LHMSs) or
photonic crystals (PCs).!2° The physical principles that al-
low negative refraction in the PCs arise from the dispersion
characteristics of wave propagation in a periodic medium,
which can be described by analyzing the equifrequency sur-
face (EFS) of the photonic band structures.®-2° The disper-
sion properties of the PC are determined by the lattice struc-
ture and various parameters of the system such as the
dielectric constant contrast, size of the scatterers, and so on.
Therefore, a wide variety of negative refraction phenomena
and effects can be obtained by changing these parameters.
Based on these phenomena, many high-technology applica-
tions have been proposed and demonstrated.*711-20

It is well known that an important application of negative
refraction materials is the flat lens.!* Ideally, such a lens can
focus a point source on one side of the lens into a real point
image on the other side. It possesses some advantages over
the conventional lens. For example, it can partly overcome
the diffraction limit. Imaging behaviors against negative-
refraction two-dimensional (2D) PC slab lenses have been
observed by some authors via numerical simulations'>-!> and
experimental measurements.'! However, due to the aniso-
tropy of the dispersion in 2D PCs, the images in many cases
only appear in the near-field region and the dependence of
the image distance on the source distance is weak.'>!5 In
other words, the imaging does not obey the conventional
refraction law of wave beams.

Recently, non-near-field imaging, which obeys fairly well
the source and image distance relationship of a flat lens with
an effective refractive index of n=-1, has been found theo-
retically in some specially designed 2D PCs.'®20 However,
to the best of our knowledge, the experimental demonstra-
tions of such an interesting imaging behavior in PCs have
not been reported. In this paper, we experimentally investi-
gate the negative refraction and focusing by 2D PCs consist-
ing of a triangular lattice of metal-core dielectric-shell coated
cylinders. We will show that at a certain frequency the nega-
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tive refraction with an effective refractive index of —1 can be
realized. The flat lens can form non-near-field images and the
source and image distance follow the conventional wave-
beam negative refraction law.

The rest of the paper is arranged as follows. In Sec. II, we
experimentally demonstrate the all-angle single-beam left-
handed behaviors in the 2D triangular lattice PCs of coated
cylinders. The frequency at which the effective refractive
index is —1 has been determined. In Sec. III we systemati-
cally discussed the high-quality non-near-field imaging be-
haviors of the PC slab lens. The conclusions are given in
Sec. IV.

II. NEGATIVE REFRATION IN 2D PC WITH
TRIANGULAR LATTICE

We first investigate the left-handed behavior of EM waves
in the triangular-lattice metallodielectric PC. The sample
used in our experiments consists of a number of metal-core
dielectric-shell coated cylinders immersed in a Styrofoam
template. The PC structure has been investigated theoreti-
cally in Ref. 19. The radii of the metallic core and outer shell
of the coated cylinder are 0.25a and 0.45a, respectively,
where a (=12 mm) is the lattice constant. The dielectric con-
stant of the dielectric coating is 7.0. We use copper as the
metallic core. In the experiments, we only consider the trans-
verse magnetic (TM) modes (S wave), where the electric
field is kept parallel to the extension axis of the cylinders.

In order to understand the transport properties of EM
waves in the above structure, we first explore the transmis-
sion spectrum. A rectangular sample 110 mm thick and
400 mm wide was fabricated for microwave measurements.
The measurements were carried out in a wide scattering
chamber by using a N5230A vector network analyzer. The
major component of the scattering chamber is two parallel
metal plates in 1 cm separation. This geometry can faithfully
model the physics of infinite 2D PC structures for the TM-
polarized EM wave. The transmission data along the I'K di-
rection are plotted in Fig. 1(b). The calculated band structure
of the PC structure is displayed for comparison in Fig. 1(a).

©2006 The American Physical Society
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FIG. 1. (a) The calculated band structure of the coated-rod pho-
tonic crystals with triangular lattice for S wave. The radii of the
inner core and outer shell of the coated cylinder are 0.45a and
0.25a, respectively. Here a=12 mm. The dielectric constant of the
outer dielectric coating is €=7.0. (b) The measured transmission
spectrum for the above sample along the I'K direction. The arrow
denotes the frequency 12.7 GHz where the negative refraction prop-
erties are investigated in this paper.

The calculations were performed by means of the multiple-
scattering Korringa-Kohn-Rostoker method.!>!® The Drude
model is used to retrieve the dielectric constant of the copper
core, similar to Refs. 15 and 19. From Figs. 1(a) and 1(b), we
find an excellent agreement between the measurement and
calculation results concerning the band gaps and pass bands
positions. Both results show that the long-wavelength cutoff
frequency of this metallodielectric sample is about 10 GHz.

The characteristic of the photonic band structures as
shown in Fig. 1(a) suggests that we should focus on the
second band in order to study the negative refraction prob-
lem of wave propagation in such a PC structure. The EFS
contours of the system at several relevant frequencies in the
second band are shown in Fig. 2. It is clear from the figure
that the frequencies increase inwards, in other words, the
EFS contours are concave. This means that the group veloci-
ties are opposite to the phase velocities. As a result, the trans-
mission features of EM waves in the above PC structure

FIG. 2. Several equifrequency surface contours for S wave in
the second band of the investigated 2D PC. The numbers in the
figure mark the frequencies in unit of GHZ. k; and V,, represent the
wave vector and the group velocity, respectively.
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FIG. 3. The angles of refraction () vs angles of incidence (6,)
at the frequency 12.7 GHz for the S wave. Dark dots correspond to
the measured results.

should exhibit a left-handed behavior. The direction of the
refraction wave inside the PC slab can be estimated from the
EFS. The frequency at which the corresponding effective re-
fractive index of the PC structure is —1 is found to be
12.7 GHz.

In order to test experimentally the above theoretical
analysis, we fabricated some wedge samples with different
wedge angle 6,. In experiment, the left surface of all the
wedge samples was kept perpendicular to the incident direc-
tion to avoid multiple refraction, and the surface normal of
the wedge interface was always set to be along the I'K di-
rection. A slit wave beam incident normal to the left surface
of the sample, will transport along the I'K direction until it
meets the wedge interface of the sample. A part of the beam
will refract out of the sample and the other is reflected back.
The refraction wave either travels on the right side (positive
refraction) or on the left side (negative refraction) of the
surface normal. Therefore, by choosing different shapes of
the wedge sample, we can extract the information of the
refraction angle 6 versus the incident angle 6,. The refraction
experiments were performed in a semicircular cavity. A di-
pole antenna was mounted on a goniometer that ran along
the semicircular outer edge of the parallel plate waveguide to
detect the refraction beam. The measurement results at the
frequency of 12.7 GHz are summarized in Fig. 3 by the dark
dots, while the solid line represents the theoretical results.
Clearly the all-angle negative refraction has taken place at
this frequency. More remarkably, 6 is linearly proportional to
6, in the whole angle region. From the relationship between
6 and 6,, we can find that the negative refractive index of the
system at this frequency is —1, which is close to the ideal
LHM system that can serve as a flat superlens.'*

III. NON-NEAR-FIELD IMAGE FORMED BY NEGATIVE
REFRACTION

We now proceed to investigate the imaging effect of the
flat lens to EM waves based on the above PC structure. A
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FIG. 4. (Color online) The intensity distribution of a point
source and its image when the TM wave passes across the PC slab
75 mm thick at the frequency of 12.7 GHz. The two vertical lines
represent the surfaces of the slab lens.

400 mm wide and 75 mm thick slab sample is taken as the
first example. The surface normal of the slab is along the 'K
direction. A monochromatic point source radiating at the fre-
quency of 12.7 GHz (corresponding to a wavelength of A
=23.6 mm) was placed at a distance 37 mm (half thickness
of the slab, corresponding to 1.6\) away from the left surface
of the slab. We first employed the multiple-scattering
method">! to calculate the propagation of the emitted wave
across such a slab sample. A typical field intensity pattern for
the TM wave passing through the slab is plotted in Fig. 4. X
and Y represent the parallel and vertical directions of wave
propagation, respectively. Only the data in a 360 X 360 mm
domain around the sample center are displayed here. One can
see a high quality image in the opposite side of the slab and
the focusing of EM waves in the middle of the slab. The
corresponding intensity distributions along the Y direction at
the image place (located at X=73 mm) and the X direction at
Y=0 are plotted in Figs. 5(a) and 5(b), respectively for clar-
ity of view. Here and throughout this paper, the center of the
slab is assumed to locate at X=0 and Y=0. A closer look at
the data reveals that the transverse half widths of the central
peaks are about 0.5\, near the conventional diffraction limit.
We have noticed that the summation of the source distance
(U) and the image distance (V) is equal to the thickness of
the slab (L).

We have carried out systematical experimental measure-
ments to test the above theoretical observations. In the ex-
periment, a monopole antenna was used as the point source.
The monopole antenna is made from a coaxial cable where
the inner conductor core (0.8 mm in diameter) is connected
to a copper rod (about 3 mm in diameter and 1 cm in length)
that is immersed into the chamber and serves as the emitter
and receiver. The power distribution at the image place was
measured by scanning and recording the transmission inten-
sity along the line parallel to the surface of the slab at the
focus point. The measurement results are shown as dark dots
in Figs. 5(a) and 5(b). Excellent agreement between theory
and experiment can be found clearly.

In order to see whether the summation of the source dis-
tance and the image distance is always equal to the thickness
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FIG. 5. The measured (dark dots) and calculated (solid lines)
intensity distribution along the Y direction at the image plane lo-
cated at X=73 mm (a), and along the X direction at the position
Y=0 (b). Note that the experimental data have been normalized so
that the maximum value is the same as the theoretical maximum
intensity.

of the slab, we have checked a series of slab samples of
different thicknesses. Figure 6(a) shows the calculated field
pattern for a 115 mm thick sample. A monochromatic point
source at 12.7 GHz was placed at a distance of half thickness
of the sample (57 mm, or 2.4\) away from the left surface of
the slab and its image was found near the symmetric position
in the opposite side of the slab. The experimental and simu-
lation results of the power distribution at the image place are
shown in Fig. 6(b). Excellent agreement between theory and
experiment is also observed.

The above results are for the cases where the point
sources are placed at the distances of half the thickness of the
samples. We have considered more general situations by
moving the light source and examining the relationship be-
tween the source distance and the image distance. Figure 7
shows the calculated field pattern for a 115 mm thick
sample. A monochromatic point source radiating at fre-
quency 12.7 GHz was placed at a distance 32 mm (1.4\)
from the left surface of the slab and its image was found in
the opposite side of the slab. The image from the right side
of the slab is 82 mm (3.5\). The summation of the source
distance and the image distance is near the thickness of the
slab. The error is about =5 mm.

We have considered more situations of the source dis-
tance. The results are given in Fig. 8 where the experiments
were carried out for three different source distances, 32, 58,
and 83 mm, corresponding to 1.4\, 2.5\, and 3.5\. It can be
found that although the image distance varies along with the
source distance, the summation of them is always equal to
the thickness of the slab. We have also checked more
samples with different slab thicknesses L. The results of the
dependence of (U+V)/L on L are summarized in Fig. 9. It
can be seen that the imaging behavior of the slab lens obeys
fairly well the formula U+V=L. All these results clearly
indicate that the imaging behavior of the negative refraction
slab lens indeed follows the conventional refraction law of
far-field focusing and imaging. This promising character is
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FIG. 6. (Color online) (a) The simulated intensity distribution of
point source and its image against a PC slab 115 mm thick at the
frequency of 12.7 GHz. The source distance is 57 mm. (b) The
measured (dark dots) and calculated (solid lines) intensity distribu-
tion for the above sample along the X direction at the position Y
=0. Note that the experiment data have been normalized so that the
maximum value is the same as the theoretical maximum intensity.
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FIG. 7. (Color online) The intensity distribution of point source
and its image against a PC slab 115 mm thick at frequency
12.7 GHz. The source distance is 32 mm.
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FIG. 8. The measured and calculated intensity distribution for
the same sample with different distance of point source along X
direction at Y=0. The distances of point source are 32 mm (thin
solid line), 58 mm (short dots line), and 82 mm (thick solid line),
respectively. The experimental results are corresponding repre-
sented by square, circular, and triangular dots, respectively.
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possible only because the refractive index of our slab lens is
identical to the ideal value of n=-1.

IV. SUMMARY

We have fabricated metallodielectric PCs consisting of the
metal-core dielectric-shell coated cylinders arrayed in the tri-
angular lattice and investigated systematically the negative
refraction and focusing behavior of these PC structures. We
have found that at a certain frequency the PC structure pos-
sess an isotropic band at which the phase velocity is antipar-
allel to the group velocity. As a result, the PC structure ex-
hibits negative refraction and the corresponding effective
refractive index is found to be close to the ideal value of —1.
On the basis of such a PC structure, we have examined the
imaging behavior of flat slab lens and found that non-near-
field images can form against these slab lenses. In addition,
we have systematically measured the relationship among the

1.4 . .
1.2 .
=
=
< 10 e
2
0.8 .
0.6 T T T T M
50 100 150 200
L (mm)

FIG. 9. Measured dependence of (U+V)/L as a function of the
thickness of the slab L.
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source distance, image distance, and slab thickness for dif-
ferent slab samples, and found that the source distance and
image distance sum up to a value identical to the slab lens
within the experimental error irrespective of the slab thick-
ness and the source distance. This clearly indicates that our
designed PC lens is characteristic of a LHM lens with an
effective refractive index of n=-1 and that the conventional
refraction law of wave beam for focusing and imaging has
been satisfied fairly well.
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