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Realization of absolute negative refraction index by a
photonic crystal using anisotropic dielectric material

Yuntuan Fang (% %H)' and Zhengbiao Ouyang (B Fafesx)>™*

! Department of Physics, Zhenjiang Watercraft College, Zhenjiang 212003
2 THz-Technology Research Center of Shenzhen University, Shenzhen 518060
3Shenzhen Key Laboratory of Micro-Nano-Photonic Information Technology, Shenzhen 518060

4College of Electronic Science and Technology of Shenzhen University, Shenzhen 518060

Received September 4, 2007

A method to realize absolute negative refraction index —1 with a two-dimensional (2D) photonic crystal
is presented by introducing dielectric anisotropy in the photonic crystal material. The band structures of
E-polarization mode and H-polarization mode can be adjusted by changing the parameters of materials.
Thus the two modes with different polarizations have the same negative refraction index —1 for the same
frequency. The results are demonstrated by numerical simulation based on the finite-difference time-

domain (FDTD) method.
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Since the concept of the left-handed materials (LHMs)
or negative refraction index materials (NRIMs) was
proposed by Veselago in 1968, negative refraction has
attracted great interest in the flat slab imaging'—2!,
which can be realized through photonic crystals (PCs)
or LHMs. For PCs, the equifrequency surface (EFS)
of Bloch’s modes can be properly designed, so that
the group velocity (directed to the EFS normal) of
a Bloch’s mode excited by an incident wave may
point to a mnegative-refraction direction?. Many
researchers(2=916=21] yerified that a point source on one
side of a two-dimensional (2D) PC slab could generate
a real point image on the opposite side. They also at-
tempted to connect this phenomenon to the mechanism
of superlensing. The superlensing effect can potentially
overcome the diffraction limit inherent in conventional
lenses. In these PC structures, there are two kinds of
cases for negative refraction. The first is that the di-
rection of the group velocity is anti-parallel to the wave
vector k within the PC, thus an effective index of nega-
tive refraction nesr can be defined (for simplicity, we call
effective negative refraction index as negative refraction
index)[?l. Another case is that the direction of the group

velocity is not anti-parallel to the wave vector k, and the
negative refraction can be realized without employing a
negative index material. In this case, a negative refrac-
tion index cannot be defined®. Tt is well known that
the electromagnetic wave can be decomposed into the
E- and H-polarization modes for a 2D structure. How-
ever, most of the studies on the negative refraction of
2D PCs focused on a certain polarized wave, i.e., the E-
polarization mode or H-polarization mode. Ao et al.*?
created a photonic crystal beamsplitter using opposite
refraction behavior for two different polarizations. As for
whether a negative refraction index of a PC could exist
for both polarized waves at the same frequency, Zhang!*!
demonstrated that the complete negative refraction re-
gions for all polarizations existed in some metallodielec-
tric PC structures. However, a negative refraction index
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for both polarized waves has not been found yet. In this
paper, we will demonstrate that a negative refraction
index of nerr = —1 for both polarized waves at the same
frequency can be realized by a 2D PC through introduc-
ing anisotropic dielectric material in the PC. We call it as
absolute negative refraction index. The results indicate
that negative refraction index for unpolarized light can
be realized. This idea partly comes from Ref. [23], which
introduced a method to obtain large absolute band gap
in 2D anisotropic PCs.

To realize negative refraction, the three-dimensional
(3D) PC band structures should be convex, and the
constant-frequency contours are circle and larger than
those of air, i.e., circles with radii w/c(>3%. Then, for
one frequency with constant-frequency contour radius
equal to that of air, the effective refraction index is
—1. For a given PC structure, it is impossible that the
photonic band structures are the same for the two polar-
ization modes, then we cannot generally obtain absolute
negative refraction index of —1. However, the positions
of the photonic band can be adjusted by varying the
refractive index contrasts for the E-polarization and H-
polarization modes in a given PC[?3l. In such a way, the
frequencies corresponding to a negative refraction index
of nesg = —1 for both modes can be adjusted to the
same value, thus the absolute negative refraction index
will be obtained. One way available is to fabricate PC
from anisotropic dielectric material. And there are a lot
of anisotropic crystals in nature, which are lossless and
transparent in visible or infrared regimel?3].

Here we first select a 2D PC made of triangular lat-
tice of air holes in anisotropic medium tellurium (Te),
which is a uniaxial crystal with ordinary dielectric con-
stant €, = 23.04 and extraordinary dielectric constant
€e = 34.88. The radius of air hole is 0.35a, where a is
the lattice constant. Different from Ref. [23], we choose
the ordinary axis of the uniaxial crystal parallel to, and
the extraordinary axis perpendicular to the extensional
direction of air holes respectively. Therefore the elec-
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tric field vector in the E-polarization mode is parallel to
the ordinary axis, while perpendicular to the ordinary
axis in the H-polarization mode. Maxwell equations for
such anisotropic 2D photonic band structure are the
same as those for the isotropic photonic band structures,
except that the dielectric constants for the two modes
are different. Then we can calculate the photonic band
structures for two polarization modes using the plane-
wave expansion method?4. Figures 1(a) and (b) show
the photonic band structures for the H-polarization and
E-polarization modes, respectively. According to the
negative refraction conditions®3° and the calculation
results, the negative refraction could occur in the third
band for the H-polarization mode and in the second
band for the E-polarization mode. Figure 2 gives the
constant-frequency contours of the third band for the
H-polarization mode. The shapes of EFS are almost
circular for higher frequencies, which means that the
wave propagations of these frequencies are isotropic-like.
For the isotropic frequency range, the effective refractive-
index concept can be used for studying light propagation,
and light refraction can be simply described by the Snell
law!?!. This index is the phase index of refraction since
it is defined by the phase velocity, n, = k/ko, where
k and ko are the wave vectors in the photonic crystal
and in vacuum, respectively. Meanwhile, the direction
of group velocity vector vy = Vjw is the direction of
the energy flow, which is normal to the EFS. Since the
group velocity for the second band is negative due to
the all-convex shape of the EFS, the directions of waves
are inward from the circular EFS. To clearly describe it,
the schematic wave-vector diagrams are shown in Fig. 3
for the wave propagation from air to the PC. The two
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Fig. 1. Photonic band structures for (a) the H-polarization
and (b) the E-polarization modes.
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Fig. 2. Constant-frequency contours of the third band for the
H-polarization mode.
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Fig. 3. Schematic wave-vector diagrams for the wave propa-
gation from air to the PC.

solid arrows indicate two wave vectors from two different
spaces, and the dash arrow refers to the group velocity
vector in the PC[l. Remember that the continuity of
tangential components of the wave vector across the in-
terface determines the k vector in the second material.
Thus the effective negative refraction index for a certain
frequency can be calculated by nepr = —zigg = —%,
where r¢p and r are the radii of two EFSs for the same
frequency in air and the PC, respectively. The equal
frequency contour obtained by crossing the second band
with the equal frequency surface for w = 0.259(27¢/a)
(for simplicity, the unit 2me/a of frequency is omitted
in the following) is circular and convex, and thus has
inward-pointing group velocity. This results in negative
propagation angles for all incident angles. The propaga-
tions of the waves are therefore isotropic, and one can
define an isotropic effective refraction index nesr from
the radius of the EFS using the Snell law!?/. For current
frequency w = 0.259, the effective refractive index of the
PC is near to —1 which is indicated by dotted line in
Fig. 3.

Figure 4 plots the second band of the E-polarization
mode (circle line) in Fig. 1(a). Clearly, the whole second
band for the E-polarization mode is below the line of
w = 0.259, thus absolute negative refraction index —1
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Fig. 4. Second band (circle line) for the E-polarization mode
in the photonic band structures for the H-polarization mode.
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cannot be obtained in this case. However, as the pho-
tonic band frequency is somewhat inversed with respect
to the dielectric constant contrast of PC, we can raise the
second band for the E-polarization mode by decreasing
the value of €,. In order to observe the relation of the
photonic band frequency and the value of ¢,, we only
calculate the second band for the E-polarization mode
for different values of &,.

Figure 5 plots the influence of €, on the band diagram,
which verifies that the photonic band frequency increases
with the decreasing of €,. By carefully decreasing the
value of ¢,, we finally make the second band for the
E-polarization mode (square line), the third band for the
H-polarization mode (solid line) and the line of w = 0.259
(dot line) intersect approximately at two points, as in-
dicated in Fig. 6. Here the value of ¢, is 16.3. In this
case, we plot the constant-frequency contour in Fig. 7
(bold line) for w = 0.259 for the E-polarization mode
in Fig. 2 again. As a result, the two constant-frequency
contours for w = 0.259 almost close up in spite of a little
difference. Now we can conclude that for w = 0.259, the
negative refraction index for the E-polarization mode ap-
proximately equals to —1. Then for the same frequency
we obtain the same negative refraction index —1 from
the 2D anisotropic PC, i.e., absolute negative refraction
index is nearly realized.
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Fig. 5. Influence of €, on the band diagram at the second
band for the E-polarization mode.
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Fig. 6. Second band (square line) for the E-polarization mode
with €, = 16.03 in the photonic band structures for the H-
polarization mode.
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Fig. 7. Constant-frequency contour of w = 0.259 for the
E-polarization mode (bold line) in the constant-frequency
contours of the third band for the H-polarization mode.
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Fig. 8. Distributions of electric field intensity with a same

source frequency w = 0.259 for (a) the H-polarization mode
and (b) the E-polarization mode.

In order to verify the above results, we perform
a numerical simulation based on the finite-difference
time-domain (FDTD) method?%l adopting a perfectly
matched layer (PML) boundary?”l. The FDTD method
is a very powerful method to analyze electromagnetic
problem due to its simplicity and accuracy. In our com-
putation, the surface normal of the 2D PC is along
the I'M direction, and a point source with frequency
w = 0.259 is placed at a distance 2a from one side of
the 2D-PC slab with a width of 4a. The source excites
electromagnetic waves corresponding to two polarization
modes. Figures 8(a) and (b) plot the magnetic field in-
tensity for the H-polarization mode and the electric field
intensity for the E-polarization mode in the computing
space, respectively. Obviously, the light directions indi-
cated by white arrows both basically obey the Snell law
for nesr = —1. It should be noticed that the intensities
around the center of the PC structure are the biggest in
the whole PC structure (see Figs. 8(a) and (b)). The
bright spots are just inner images which further demon-
strate that the outer images result from negative refrac-
tion, not self-collimation effect. As a result, a single PC
structure focuses a point source with the same frequency
into point images on its opposite side for both polariza-
tion modes. We also find that the quality of image for
the H-polarization mode is a little worse than that for
the E-polarization mode, for the two EFSs do not abso-
lutely superpose. In this case, absolute negative refrac-
tion index has been demonstrated, and the image of an
unpolarized light source has been realized.
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In conclusion, we bring forward a concept of absolute
negative refraction index with PC. In order to realize
it, we introduce dielectric anisotropy in the background
medium of a 2D PC. Because nature offers large varieties
of anisotropic material, our work opens up a scope for the
application of negative refraction of PC.
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