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Abstract

We study the oblique transmission through a one-dimensional photonic crystal consisting of alternating slabs made of ordinary
and negative refractive index materials, the latter being dispersive. We investigate the angular dependence of the band gap for this
multilayer medium. Our results suggest, unlike a conventional Bragg gap, this type of gap exhibits a rather versatile behavior with
varying angle of incidence. We find the angle-dependent characteristics for this type of gap can be quite different for different
structural parameters of the constituents. Thus, multilayer structures involving left-handed components are very good candidates for
band gap engineering. Specifically, we demonstrate for a certain experimentally realizable structure, the existence of a gap region
for each individual polarization which survives for incident angles as high as 85 °. Moreover, we show how this structure can also
function as a highly efficient polarization splitter. Finally, we investigate the multilayer medium when acting as single or double
electromagnetic barrier. We study the tunneling properties of such systems for both types of individual barrier layers—right- and
left-handed, respectively. We observe the double barrier exhibits resonant tunneling that depends on the ‘“‘rightness” of the
individual barrier layers.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Veselago [1] first explored in 1967 the possibility of
EM wave propagating in a medium with simultaneously
negative permittivity, ¢, and permeability, p. Such a
medium came to be known as left-handed (LHM), since
it has the wave vector K, the electric field vector E, and
the magnetic field vector H forming a left-handed (LH)
set of vectors. Veselago also predicted that a LHM
possesses many unusual properties such as negative
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refraction, backwards wave propagation, reversed
Doppler effect, etc. Recently, the UCSD group [2]
brought this medium to realization with a man-made
composite, which consists of metallic split ring
resonators (SRR) and wires. This composite was shown
to possess a frequency window where the effective
permittivity, &g, and permeability, ft.g, are simulta-
neously negative [3—-6]. These types of metamaterials
have a refractive index, n = —,/eu [1] and are also
commonly referred to as double negative materials
(DNG). Left-handed materials and their unusual
properties are attracting increasing attention in view
of their vast potential for many applications. Many other
composite metallic designs that possess these unusual
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properties have been explored [7,8]. Recently, nega-
tively refractive phenomena were also studied in
periodic dielectric structures (photonic crystals) [9-12].

The band gap properties of conventional photonic
crystals (PCs) [13] have been extensively studied.
Nonetheless, double negative materials in a periodic
arrangement were investigated only recently [14].
Specifically, Li et al. studied a one-dimensional periodic
medium, consisting of alternating double negative slabs
and air. They identified the existence of a band gap
around a frequency which corresponds to a zero average
refractive index, n,, [15]. They found that this band gap
does not depend on the structural parameters, provided
the n,, = 0 condition is observed at the same frequency.
Actually, such a behavior is very different from
conventional PCs. This study directed a lot of attention
towards multilayer structures involving left-handed
components [16-20]. In addition, other researchers
[21,22] explored multilayer systems, where the alter-
nating slabs consist of negative permittivity, &, and
permeability, u, respectively.

In this paper, we study the transmission of EM
waves through a multilayer structure consisting of
alternating double negative slabs and a positive index
medium. We focus on the behavior of the transmission
with the angle of incidence for both polarizations and
investigate the possibility of omni-reflectance [23].
Moreover, we study the tunneling properties of a single
and double barrier EM system. Of particular interest
are cases where the barrier layers are made from a
double negative (left-handed) medium. In particular,
this study is divided in the following way. We present
the theoretical formulation of the wave transmission
through a general superlattice in Section 2. In Section
3, we implement the particular case, where one of the
layers is a double negative medium, and study the
dependence of the gap with the angle of incidence for
both polarizations. In Section 4, we focus on a
multilayer system consisting only of one or two double
negative layers embedded in air, for cases when the
propagation is prohibited inside the individual layers.
We investigate the tunneling properties for the left-
handed barrier problem and make a comparison with a
corresponding ‘“‘right-handed” system. Finally, we
present our conclusions in Section 5.

2. Theoretical formulation of the problem

We show the one-dimensional multilayer system
under study in Fig. 1. The specifics for the two
polarizations are shown in Fig. 1 a and b, respectively.
Note, with TE we mean that the electric field vector is
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Fig. 1. The 1D multilayer system consisting of layers A and B in
periodic arrangement. a and b represent the dimensions of layer A and
B, respectively. Thus, the multilayer has a lattice constant, d = a + b.
Case (a) represents the case of TE polarization, while case (b)
represents the case of TH polarization. Note, for normal incidence,
the two polarizations are equivalent. The multilayer composite is
embedded in a medium identical with layer B.

perpendicular to the plane of incidence. Conversely, in
TH polarization the magnetic field is perpendicular to
the plane of incidence. We choose z to represent the
lateral direction, and x the stacking direction (see
Fig. 1). We consider N bilayers, i.e., a total number of
2N layers. Let ¢a, € be the permittivity of layers A and
B, respectively. Correspondingly, 14, (g represent the
permeabilities of the two layers. The formulas we
present in the following are general, provided the
following restrictions apply. The EM waves must be
incident and collected in a medium identical to medium
B. Medium B must have real permittivity ¢g and
permeability pp, with egug > 0. Medium A must have
ea and pp real.

Let us consider a monochromatic plane wave hitting
the structure from the left, with an angle 6. The wave
vector inside layer A(B) ky(p) is given as

2
w
Kam) = 2z "A®m) = Kag) + B M
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na) = sign(ras)),/ZaB)La(s) represents the refrac-
tive index of mediums A and B, respectively. sign(rsg))
represents the sign of the rightness for layers A(B). So,
this sign is (+) for a right-handed and (—) for a left-
handed layer. The quantity, 8 = npw/csinfg [24], is
real. It represents the parallel component of the wave
vector and, consequently, is conserved throughout the
multilayer. However, depending on the incident angle
and the values of ¢4, 115, the normal component of the
wave vector in layer A, kax, can be real or purely
imaginary.

We treat each polarization separately.

Let, F(7;1) = $F(x)e "+ with

coe™ ™8 4 doe™ x <0

ame_?kAx (e=md) + bmelkA‘x (e=md) X € A(m)
CmeflkBX(xfmdfa) + dmelkb‘x('“*mdf‘l) ,XE B(m)
atefikkx(fod) + bleikm(fod), Nd < x.

F(x) =

2)
In Eq. (2)(ay, b;) characterize the field, F, in the region
after the multilayer system. Note, F represents the
electric field, E,, for the case of TE polarization (s-
waves) and the magnetic field, H,, for the case of TH
polarization (p-waves). For each case, we use Max-
well’s equation to determine the remaining field com-
ponents. Subsequently, we apply the continuity of the
tangential components of E and H at the boundary
between two layers.

In this way, we obtain the field values at x = 0(—), in
terms of the field values at x = Nd(+). We express such
a relation in matrix form. The resulting matrix is
generally referred to as the transfer matrix. Afterward,
we impose the Bloch condition, E(x + d) = e’E(x),
for the periodic multilayer. Note, g lies within the first
Brillouin zone, namely —n/ d < g < 7/d. We obtain g
from the eigenvalues of the transfer matrix correspond-
ing to one single bilayer. Let us define, Z,/3 =
(kax/ma)/(kpe/pp) and  Yasp = (kax/ea)/(kps/eB).
We get,

cos (gd) = cos (kaxa)cos (kp.D)
1 . .
-3 (Za/B + Zp/a)sin (kaxa)sin (kpcb), (3)

for the TE-polarization and

cos (gd) = cos (kaxa)cos (kg,b)
1 . .
7§(YA/B -+ YB/A)SIH (kAxa)Sln (kab), (4)

for the TH polarization. Note, Z, /5, Zg/4 and kax can be
imaginary in Eqgs. (3) and (4). Nonetheless, when the
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conditions we stated earlier in this section are met, the
properties of the transfer matrix lead to a real cos (gd).
We use Chebyshev’s identity [25] to evaluate the
transfer matrix for the total structure consisting of N
bilayers. The calculation yields for the total transmis-
sion T:
1

=1 (/0| sin (Nqd) i (g o
with
r %(ZB/A — Zyp)sin (kaxa)e™” TE — pol
- é(YB/A — Y, /p)sin (kaxa)e™®®  TH — pol.
(6)

In Eq. (6)r(r) represents the reflection (transmission)
coefficient through a single unit cell.

3. Omnidirectional gap

For consistency and comparison with the results of
Li et al. [14], we adopt a multilayer with the same
structural parameters as in [14]. Specifically, we
consider layer A to have permittivity and permeability
given by,

52 10°

T 2

¥ s ™
0.9022 — f2

SA(f)*lJr
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where f is the frequency measured in GHz. As fre-
quency increases, we move from cases with both ea, 1t
negative (region I), to cases with e <0 (region II),
and eventually to cases with both ¢4 and p, positive
(region III). In Fig. 2 we plot the permittivity and
permeability of layer A versus frequency. Cases with
frequencies in region I (see Fig. 2), are of particular
interest, since layer A becomes a double negative
(DNG) medium. Note, a DNG medium must be dis-
persive to assure positive definite energy density [1].
For layer B we choose vacuum with eg = ug = 1.
First, we concentrate on the TE-polarization case,
and take the dimensions of the two layers (a and b) to be
6 and 12 mm, respectively. We plot transmission versus
frequency for normal incidence in Fig. 3. Note, the first
gap is centered around 2.3 GHz. This frequency value
corresponds to an average refractive index, n,y =0
[14,15]. We stress, in the frequency region of the first
gap, layer A has both €5 and u, negative. Nonetheless,
in the frequency region of the second gap, layer A has
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Fig. 2. Permittivity (solid line) and permeability (dashed line) of layer
A versus frequency.

both €5 and pu, positive and is therefore an ordinary
positive index medium. The second gap is a Bragg type
gap, well familiar from photonic crystals and conven-
tional Bragg reflectors [26]. We find this gap shifts in
frequency, as the incident angle varies as expected.
However, it is interesting to check how the first gap
behaves for different incident angles. We show the
results for this gap in Fig. 4. Strikingly, we observe that
the location of the gap remains the same, even for an
incident angle as large as 80°. In other words, the gap
in the frequency region where layer A is left-handed,
is an omni-gap.
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Fig. 3. Transmission vs. frequency for the multilayer system of Fig. 1
(TE-polarization). Layer A has permittivity and permeability given by
(7) and length @ = 6 mm. Layer B is air, and has length b = 12 mm.
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Fig. 4. Dependence of the first gap seen in Fig. 3 with angle of
incidence 6g. Solid, dotted, dot-dashed and dashed line represent
g =0, 30, 45 and 80°, respectively. Note, in this frequency range,
layer A is a double negative (DNG) medium.

We find that the same structure for the TH polarization
does not possess such a type of omni-gap. However, if we
reverse the dimensions a and b of the multilayer system,
we obtain an omni-gap for the TH polarization case as
well. Fig. 5 shows such a case, with the dimensions of the
constituent layers, a = 12 mm and b = 6 mm, respec-
tively. Notice again, that the band gap survives even for
very large angle of incidence (80°).

We note at this point that Jiang et al. [18] have
identified the existence of an omnigap for both
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Fig. 5. Transmission vs. frequency for the system of Fig. 1 (TH-
polarization), for different incident angles, 6g. In this case,
a = 12 mm and b = 6 mm. Solid, dotted, dot-dashed and dashed lines
represent 0 = 0, 30,45 and 80°, respectively. We observe the existence
of the omni-gap.
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polarizations around the frequency where the average
refractive index, n,,, equals 0 [15]. The 1D layered
system of Jiang et al. consists of left-handed slabs,
which alternate with slabs having a refractive index
of 2. The left-handed layers have permittivity and
permeability, following a plasma like dispersion. We
investigate further the gap properties of such a system,
but have substituted the positive index layer with a
material having a lower refractive index of V2 [27].
For such a multilayer medium, the n,, = 0 condition
is satisfied for a higher frequency (at f = 0.80 GHz
versus 0.70 GHz for the original system of Jiang et al.
[18]). We found that if the refractive index of the
right-handed layer is reduced to /2, then only the
omnigap for the TH-polarization survives. As a matter
of fact, for the TE-polarization as the angle of incidence
increases from 0 to 89°, only 30% of the normal
incidence gap continues to lie within the oblique
incidence gap region. In other words, we do not observe
an angle insensitive omnigap. Also, we find that for this
modified structure, a higher number of bilayers is
required to achieve the same transmission attenuation
within the gap region. Now, we further modify this
system by changing the dimensions of the constitutive
layers. In particular, we take both layers to have the
same size of 9 mm, thus maintaining the same lattice
constant. For the resulting multilayer system, the n,, =
0 condition is satisfied at ~ 1.0 GHz. For this case
we find that the lower frequency limit of the TE-
polarization gap closes ~35% as the angle of inci-
dence increases from 0 to 89°. Conversely, we find that
the upper frequency limit of the TH-polarization
gap closes ~40% as the angle of incidence increases
from O to 89°.

These results indicate that contrary to the conclusion
of Jiang et al. [18], the n,y = 0 condition does not
necessarily guarantee the existence of an angle
insensitive omnigap for either or both polarizations.
Multilayer structures involving LHM can be experi-
mentally realized at the microwave regime by
incorporating composite SRR/wire structures. The
latter composite media are characterized by an effective
permittivity following a plasma-like dispersion and an
effective permeability following a Lorentz type disper-
sion. We focus on a specific realistic system,
incorporating the composite SRR/wire medium studied
by Markos and Soukoulis [4]. We use the effective
medium parameters determined in Ref. [4] to treat this
medium, but ignore dissipation. So,
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Fig. 6. Transmission vs. frequency for a realistic multilayer medium,
for different incident angles 6. In this case, a =5 mm and
b =10 mm. Solid, dotted, dot-dashed, and dashed lines represent
6g = 0,30, 45 and 85°, respectively. We observe a gap region between
8.5 and 9.0 GHz surviving for incident angles as high as 85°. The
incoming wave is TE polarized.
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with f the frequency in GHz.

This composite medium possesses simultaneously
negative permittivity and permeabilty for frequencies
between ~ 8 and 9.4 GHz. We consider the left-handed
slabs as wide as the unit cell of the composite medium,
i.e., 5 mm wide. We take the positive index slabs to be
air and 10 mm wide, and consider a total of 5 bilayers.
As we see in Fig. 6, the region between ~ 8.5 and
9.0 GHz remains within the gap, even for incident
angles as high as 85° for TE-polarized waves. Note, this
region is not centered around ~ 8.56 GHz, where the
n,y = 0 condition is met for this particular multilayer
medium. We checked that for TH-polarized waves the
regime between ~ 9.1 and 9.4 GHz lies inside the gap
for all incident angles. Unfortunately, this frequency
region does not overlap with that of the TE-polarization
case. In other words, for this particular realistic
structure, we obtain a frequency regime of omni-
reflectance for each individual polarization but not for
both polarizations at the same time.

We can utilize this differential behavior under
polarization of such a multilayer medium for the
design of an efficient polarization splitter. Actually, we
consider the same system and incident waves at 60°. We
plot the transmission results in Fig. 7, for TE- and TH-
polarizations. These results imply that if a wave of
mixed polarization hits the interface of the structure at
60°, “almost all”” of the TE-polarized contribution will



+ Models

6 H. Daninthe et al./Photonics and Nanostructures — Fundamentals and Applications xxx (2006) xxx—xxx
1.1 1.1
7 Rl g —— E-pol
09 + ---= H-pol 09 |
0.7 f \ 1 o1+
e \
0.5 ‘ = oo0s
03
03
01 J
e 0.1
-0.1 . : : i : 4 e
8.2 8.3 8.4 8.5 8.6 8.7 8.8 89 9

frequency in GHz

Fig. 7. Arealistic multilayer structure, acting as a polarization splitter.
Same parameters are taken as in Fig. 6. Waves are incident at 60°.
Solid(dashed) line represents transmission for the case of TE(TH)-
polarized waves. In a frequency window between ~ 8.45 and 8.6 GHz
“almost all” TH-polarized wave is transmitted, while ‘““‘almost all”
TE-polarized wave is reflected.

be reflected while “almost all” of the TH-polarized
contribution will be transmitted. In this way, efficient
polarization splitting is achieved for the frequency
region between ~ 8.45 and 8.6 GHz, as indicated in
Fig. 7 with the dashed vertical lines.

To resume, multilayer structures involving left-
handed components show enormous potential for band
gap engineering and related applications. A region of
omnireflectance can be usually obtained for at least one
polarization even for realistic cases. However, we
showed firm evidence that the n,, = 0 [15] condition
does not necessarily lead to an angle insensitive
omnigap for both polarizations, as indicated in the
work of Jiang et al. [18].

4. Resonant tunneling phenomena

Another important point, in the case of Fig. 5, is
that layer A remains left-handed only in part of the
omni-gap. In fact, for a small window of frequencies
ranging from 3.13 to 3.78 GHz, we have ¢ <0, with
> 0. This means, that in the range from ~3.13—
3.38 GHz, propagation is forbidden both in the
individual layers A (imaginary kax), and in the entire
composite multilayer (imaginary ¢ in Eq. (4)). Inter-
estingly, in the frequency range between 3.38 and
3.78 GHz, although propagation in the individual
layers A is still prohibited, propagation in the entire
composite is allowed (real q in Eq. (4)).

The latter phenomenon is not unique for the TH-
polarization case. In fact, there is a similar phenomenon

-0.1

313 323 333 343 353 363 373
frequency in GHz

Fig. 8. Transmission versus frequency for the system of Fig. 1 (TE-
polarization), for different incident angles fg. We focus on the
frequency region from 3.13-3.78 GHz, where ¢4 15 <O0. In this case,
a = 6 mmand b = 12 mm. Solid, dotted, dot-dashed and dashed lines
represent 8 = 0, 30, 45 and 80°, respectively. Tunneling is stronger
for the smaller angles. Note, the curves for 05 = 45 and 80° are around
zero transmission and therefore one falls on top of the other.

for the structure of Fig. 1 (TE-polarization). Again, we
focus on the frequency range between 3.13 and
3.78 GHz, where ¢x <0, with g >0 (region II of
Fig. 2). We study the angle dependent transmission of
the multilayer system and show our results in Fig. 8.
Since ea 14 < 0, in this frequency range the wave vector
along the stacking direction in layer A, kax, becomes
imaginary. Correspondingly, EM propagation is pro-
hibited in the individual layers of medium A. Therefore,
the high transmission we see in some cases in Fig. 8
suggests a tunneling type of effect. The phenomenon
seems to depend highly on both the incident angle and
structural parameters. By investigating different cases,
we determined that the control parameter is kaxa. Let
kax = iiax. Then, we obtain

ax = ofc\/ |eapal| + sin*6p. (10)

Aax in Eq. (10) represents the decay rate of the field
within the individual layers of medium A. We see that as
the angle increases, Aax increases. Correspondingly,
the decay rate of the field within the layers of medium
A increases and so the tunneling possibility decreases.
This observation is consistent with the results shown
in Fig. 8.

We proceed in exploring tunneling phenomena for
cases having expn >0, with &5, (o given by Eq. (7).
We limit ourselves to the left-handed region (region I
in Fig. 2) and incident angles falling on or above the
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total internal reflection (TIR) condition. This condition
can be expressed as:

B> \/eapaw/c, (11)

for waves incident from medium B onto medium A.
The equal sign represents the case of an EM wave
falling exactly on the TIR condition. Since medium B
is air, in order for Eq. (11) to be possible, the magnitude
of the refractive index of layer A, na, must be less than
1. This can happen for certain frequencies lying within
region I (see Fig. 1). When an incident wave falls
exactly on the TIR condition, we see from Eq. (1) that
kax becomes 0. In such a case, an incident EM wave
refracts along the lateral direction of a slab made of
material A. Now, when an incident wave falls above the
TIR condition, kax becomes imaginary, implying that
propagation is prohibited within layer A. In both cases,
one would not expect an EM wave to get transmitted
across the slab. In the following, we study an arrange-
ment as seen in Fig. 2, with N = 1(one layer of medium
A) and N = 2(two layers of medium A). The quantum
mechanical analogue of this problem is a single or
double barrier problem.

We search for resonant tunneling with 7 =1 and
record the corresponding frequency for different
incident angles satisfying condition (11). We plot our
results in Fig. 9. For certain characteristic angles, 70, 80
and 85°, we also plot the transmission versus frequency
(within the TIR range) for the single (Fig. 10 a) and
double (Fig. 10 b) barrier problem. We identify only one
T = 1 resonance for the single barrier problem. On the
other hand, two T = 1 resonances are present in the
double barrier case. The location of the first resonance
in the double barrier case coincides with the corre-
sponding resonance in the single barrier case.

For cases when only one barrier is involved, (N = 1)
transmission 7 becomes

1

T=—— (12)
2 b
L+ (r/1)|
while in the case of the double barrier transmission is

1
T= :
1+ 4{(r/0) |cos (gd)

13)

It can be easily deduced from Eqgs. (12) and (13) that
the common resonant peaks observed in the single and
double barrier problem correspond to r/¢t = 0. This
condition occurs only when kax equals to zero
[28,29]. Naturally, this case is not sensitive to the
specifics of the barrier problem. In principle, it can

100
80 -
60 b

incident angle (deg.)
<>

2.6 27 28 29 3 31 32
frequency in GHz

Fig. 9. Resonant tunneling for cases where layer A is DNG and the
TIR condition is met. We plot the incident angle vs. the frequency
location of the T = 1 resonant peaks. Top panel (a) refers to the single
barrier problem (N = 1). Bottom panel (b) refers to the double barrier
problem (N = 2).

be observed in any EM barrier problem at frequency and
angle satisfying Eq. (11) with the equal sign. On the
other hand the second set of T = 1 resonant peaks seen
in Figs. 9 b and 10 b occurs when cos (¢gd) = 0 in the
double barrier problem. Evidently, we infer from Eq. (3)
this type of resonances depend on many parameters,
such as the size of the barriers, a, the distance between
them, b, the values of permittivity, and permeability etc.

0.8 f LN 1
0.6 - 1

02 (@ ]

Transmission (T)
-

N=2

06
04 |
02 | ®

i . P
2.6 2.7 28 2.9 3 31 3.2

frequency in GHz

L !

Fig. 10. Resonant tunneling peaks for cases where layer A is DNG
and the TIR condition is met. We plot the transmission vs. the
frequency for different incident angles: 65 = 70° (solid line), g =
80° (dotted line) and 6 = 85° (dot-dashed line). Top panel (a) refers
to the single barrier problem (N = 1). Bottom panel (b) refers to the
double barrier problem.
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Itis of particular interest to understand the influence
of the ““rightness’” of the barrier layer(s) on the resonant
tunneling phenomenon. It is self evident that “‘right-
ness’” has no impact on the resonant peaks arising from
r/t = 0. However the “rightness” of the barrier layers
does impact the value of cos (¢d) and correspondingly
the second type of resonant tunneling peaks. In order to
understand this, we assign to layer A permittivity and
permeability opposite in sign to the values given in
Eq. (7). In fact, we find that the second type of resonant
peaks disappear. We should not rush to the conclusion
that the appearance of this sort of resonant tunneling
peaks is unique to left-handed double barrier systems.
In principle, by tuning the parameters appropriately
this type of tunneling phenomenon can exist in
conventional right-handed double barrier systems as
well. Interestingly, however, if for certain parameters
and polarization the left-handed barrier exhibits
resonant tunneling of this sort, the corresponding
right-handed barrier system will not possess a resonant
tunneling peak at the same frequency location. The
reverse statement also holds.

We explain why in the following. In the TIR region
the normal wave vector component inside layer A, kax,
is purely imaginary. We set ka, = ika,, in Egs. (3) and
(4). We obtain for the TE-polarization case

cos (gd) = cosh (kaxpa)cos (kpb)

1. kaxp/|mal kg/ s )
+ —sign(u < —
R N N T T
x sinh (kaypa)sin (kp.b),
(14)
and for the TH-polarization case
cos (gd) = cosh (kaxpa)cos (kpcb)
1. kaxp/leal  kpx/e )
+ —sign(e —
2 ven A)< kpc/es  kaxp/leal
x sinh (kaypa)sin (kgcb).
15)

In Eqgs. (14) and (15) kax, and kg, are real and positive.
Suppose, a left-handed barrier satisfies the condition
cos (gd) = 0 for a certain frequency and parameters.
Let us consider the corresponding right-handed barrier
system for the same frequency and parameters. All will
be the same in Eqgs. (14) and (15) except for sign(u,)
and sign(ea), respectively. As a result for the right-
handed system, cos (¢d) #0, and correspondingly no
resonant tunneling will occur. From Eqgs. (14) and (15),

we also deduce that if one desires a resonant tunneling
peak of this sort for both polarizations, we must have
ea = 4 at the frequency of interest.

5. Conclusions

To summarize, we studied the angle dependent
transmission properties of a layered medium, com-
prised of alternating negative and positive refractive
index slabs. Around the frequency where n,, is zero
[15], these types of multilayers are expected to possess
unusual band gap properties independent on both
angle and polarization [18]. For a certain type of
constituent left-handed medium, we were able to
identify an omni-gap of this type. However, we found
such a behavior for each separate polarization, by
modifying the structural dimensions appropriately.
Moreover, further investigation of different structures
contradicts the conclusion of Jiang et al. [18]. In
particular, we have shown that the n,, = 0 condition
does not necessarily lead to an angle insensitive
omnigap for either or both polarizations. We have
extended our study to multilayers that are experi-
mentally realizable. This is possible in the microwave
regime by incorporating metallic composite media
with effective negative refractive index [4]. For the
latter medium, we found a frequency region of
omnireflectance — surviving for angles as high as 85°—
for each separate polarization. We also showed how
such a structure can function as a highly efficient
polarization splitter.

In the second part of our work, we focused on the
tunneling properties of a single and double layer
systems, in the case where they act as EM barriers. We
observed that resonant tunneling depends highly on the
structural parameters of the system and polarization.
Moreover, we find that the “rightness’” of the barrier
layers impacts the tunneling phenomenon in a unique
way. Reversing the “rightness,” while keeping all other
parameters the same will cause one of the peaks of the
double barrier problem to appear, disappear or change
frequency location.

Therefore, multilayers involving left-handed com-
ponents show enormous promise for band gap
engineering and related applications. The study of
many more designs of effective left-handed media in the
microwave regime will aid in this direction [7,8,17].
Moreover, a recent report for artificial magnetism at the
THz regime [30] shows promise for scalability of these
multilayer structures at higher frequencies. We believe
this work will aid in the design of reflectors,
polarization filters and splitters, beam deflectors etc.
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