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Abstract: In this paper we demonstrate the possibility of backward
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Furthermore, we show that backward radiation can be used to achieve sub-
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periodic layered system of slabs. Finally, we demonstrate backward-
radiation-based imaging in the case of realistic materials operating in the
THz regime, such as polaritonic alkali-halide systems.
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1. Introduction

The interest in so-called left-handed metamaterials (LHM) or double negative (DNG)
metamaterials, i.e. metamaterials with both electrical permittivity and magnetic permeability
negative, has been grown recently. The LHM properties were predicted by Veselago [1] in
1967, but the attention was renewed quite recently, due to the works by Pendry [2], and had
stimulated interest also in other categories of metamaterials, besides left-handed media, such
as permittivity near zero materials, large permittivity materials, etc. The reason behind the
growing interest about metamaterials is the unusual properties and capabilities of those
materials, such as negative refractive index [1-6], giant dielectric constant [7], permittivity
close to zero [8], near-field focusing and subwavelength imaging [9].

In 2008, Tsakmakidis and Hess [10] raised the question: “Can we see what is happening
behind us by using metamaterials?” They suggested that this would be possible using a
metamaterial construction of the form of the recently proposed “electromagnetic wormhole”
[11]. This electromagnetic wormhole can be used to create “electromagnetic channels” that
connect eyes and the image behind, making possible to see behind yourself, and can be
constructed by using the transformation optics approach [12, 13].

The inverse problem is the backward radiation: There is a directional waveguide antenna,
which consists of a metamaterial with negative refractive index. Backward wave (i.e. with
Poynting vector antiparallel to wavevector) is excited in the waveguide. Due to the negative
refraction of this wave at the boundaries of the waveguide, the wave leaked out from the
waveguide boundaries (i.e. the wave emitted by the waveguide antenna) will propagate in the
direction opposite to the wave propagating in the waveguide. Thus this waveguide antenna
will radiate backward instead of the forward direction. It is a flashlight that can shine back.

Such an antenna has been realized experimentally on the form of a tube-like DNG
waveguide [14]. The antenna was tuned to radiate at the frequency of 3 GHz, where the
metamaterial forming the waveguide had negative values of permittivity and permeability.
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Due to the excitation of backward waves in the waveguide the antenna radiated mainly in the
backward direction, i.e. with a maximum main lobe lying in the back of the antenna. Similar
results were obtained by Grbic and Eleftheriades [15] and by Caloz and Itoh [16] employing
transmission lines antennas.

In Ref [17]. it is analytically shown that backward radiation can be achieved not only in
DNG media but also in media with only permittivity negative. In particular, backward
radiation is possible for an even TM mode in a planar waveguide, provided

that & < —gz(kl2 /k22) , Where &, k; are the relative permittivity and the transverse wave number

(in respect to the direction of the guide) in the waveguide, and &, k, the permittivity and the
transverse wave number in the media surrounding the waveguide; i.e., backward radiation is
possible for a negative permittivity waveguide in air or inside a dielectric medium.

Approximately at the same time with Ref [17], Liu and Webb [18] demonstrated the
possibility of backward radiation from an anisotropic uniaxial waveguide, provided that only
the permittivity component in the directions perpendicular to the waveguide is negative (and
the permittivity component along the waveguide direction positive).

Backward radiation though has not been discussed only in connection with metamaterials.
Earlier works concerning conventional wave systems reported backward radiation antennas,
made of planar multilayered structures [19] and two-dimensional photonic crystals [20-22].

In this work, we exploit the backward radiation from a negative permittivity planar
waveguide (slab) to achieve superlensing in a layered system made of many parallel slabs.
First we analyze the modes in a single negative permittivity planar waveguide and we discuss
the conditions for the achievement of backward radiation. Then we demonstrate how the
backward radiation can be used to achieve subwavelength imaging of a point source placed
close to a negative permittivity slab as well as a layered system of such slabs. We demonstrate
this imaging in the THz regime, employing layer systems made of polaritonic materials, in
particular LiF and NaCl.

2. Characteristics of waveguides with negative permittivity

To begin our investigation, we consider a planar semi-infinite along z waveguide, as shown in
Fig. 1. We denote the relative permittivity and permeability of the waveguide and of the
surrounding space as &3, 11 and &, u,, respectively. The fields of the even TM modes in the
waveguide are expressed in terms of the Hertz vector, I7,, with the time dependence exp(-iwt)
omitted, as follows [23]:

IT; = Asin(k,x) exp(ihz) for |x| < a

D
IT; = Cexp(—, |x|) exp(ihz) for x| > a ,
0 ,0I¢
E=2(C2
g ax( oz )
0 ,0II¢
E =keull® +—(—2%) , 2
2 Og'uzaz(az) )
o
H, =ik, Y

where A and C are constants, h is the wave vector component along the waveguide direction
(2), and d = 2a is the thickness of the waveguide (along x-direction).
The z component of the time averaged Poynting vector is

1 .
S, =ERe(EXHy) , (3)
where the symbol * denotes the complex conjugate.
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Integration of S, over the transverse direction (x) yields the total power flux for each mode
of the waveguide:

P, =%T Re(E,H,)dx . (4)
X €y Hy
al

& 1 z

Y

Fig. 1. The waveguide configuration studied here. The thickness of the guide is d = 2a. The y-
direction extends to + oo .

Using the boundary conditions for the tangential components of the fields given by Eq. (2)
at the boundaries of the waveguide, we find the dispersion relation of the even TM modes as

follows:

k,a= klaz—ztan(kla) , (5)

1

where
o =Ko 17 (6)
k, = m '
and ko = w/c. Using the continuity of the longitudinal wave number h, we find from Eq. (6)
(ka)* +(k,a)" = (kod)* (04 — &,445) - (7)

Solving the dispersion relation given by Eq. (5) (with the use of Egs. (6) and (7)), with
parameters ¢; <0, &, >0, u, = uy = 1, it yields three types of dispersion, h vs ko, as shown in

Fig. 2, depending on the permittivity &;.
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Fig. 2. Dispersion characteristics, Re(h) and Im(h) vs ko, of the single-layer waveguide with: (a)
& =-0.5; (b) &1 = -2; and (c) &; = —15. In all cases ¢, = 1. The forward and backward waves
are shown by the dashed and solid lines, respectively. Note that instead of Re(h), Im(h) and ko
the dimensionless quantities Re(h/ko), Im(h/ko) and kod, respectively, are plotted (d = 2a is the
waveguide thickness — see Fig. 1).
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The fist type of dispersion is obtained if the absolute value of the waveguide refractive
index n, =z is smaller than that of the surrounding space (n, = [z, ) i.e., ifjny| <|no|, (we

omit the permeabilities from now on, considering always u; = u, = 1). In this case (see Fig.
2(a)), for low frequencies or thin waveguides a backward (i.e. with Poynting vector
antiparallel to the wavevector h) ultraslow mode (1 in Fig. 2(a)) and a forward mode (1’ in
Fig. 2(a)) can exist in the waveguide. We emphasize that both modes have no losses in an
ideal waveguide, i.e. with ¢; purely real; thus the waveguide does not radiate. The fields decay
exponentially outside of the boundaries of the waveguide and the modes propagating in the
waveguide are surface-plasmon-polariton modes [24, 25] propagating at the surfaces of the
waveguide.

The total power flux (4) of the mode 1 is positive, i.e. in the direction of h, which
corresponds to forward wave. The total power flux (4) of the ultraslow mode 1 is negative,
and thus opposite to h (h is considered always along the positive z-direction). According to
the classification of Ref. 24, this is a backward wave. Modes 1 and 1' are combined at the
bifurcation point, where the total power flux is zero, from which a complex mode 2 arises (i.e.
a mode withh"=1Im(h)=0; h” in this case is called leakage rate and accounts for the

radiation losses). In addition to the modes 1, 1' and 2, there are several strongly damped
waves, 3, which are usually neglected (Fig. 2(a)). These waves are complex and have a large

imaginary part of the longitudinal wave number h(=h'+ih"), i.e. h"/ k0 >1.

The second type of dispersion occurs when |ny|>|n,| (Fig. 2(b)). The main mode, 1, in

this case is surface-plasmon- polariton [24, 25] mode and the propagating wave of this mode
is forward. In addition there are the backward modes 2 mentioned in Fig. 2(a), which in this

case are weakly damped, i.e. h'/ kO #0 and h'/ kO =h"/ k0 in some frequency range marked

by a square in Fig. 2(b). The total power flux (4) of the modes type 2 is negative, i.e.
antiparallel to h, indicating the backward nature of these modes. For low frequencies or thin
waveguide (i.e. 0.4<k,d<1.2), the backward complex modes 2 are weakly damped and can
prevail over the field of the forward mode, making the total power flux [26, 27] of all modes
in the waveguide to be antiparallel to h in the inside of square in Fig. 2(b).

The third type of dispersion (see Fig. 2(c)) corresponds to large negative values of the

waveguide permittivity, such as |ny| >>|n,|. In this case the complex waves 2 have strong

losses and are damped rather quickly. Thus, they do not contribute to the field propagating in
the waveguide. The main mode is the forward mode 1 of Fig. 2(c), which corresponds to a
surface-plasmon-polariton mode of a single metal waveguide [24, 25].

Figure 3 shows the dependence of the normalized total power flux P_s (i.e. the flux of the
sum of all the propagating waves excited by a TM point source at the entrance (z = 0) of the
waveguide) on the permittivity, &;, of the waveguide, for a semi-infinite waveguide with k,d =
0.35. Positive total flux P indicates forward wave in the waveguide, while negative total flux
indicates backward wave (longitudinal wave-number h is positive).
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Fig. 3. The dependence of the normalized total power flux P.s (excited by a TM point source)
on the relative permittivity &, of a waveguide of ked = 0.35, in air. ko is the free-space
wavenumber and d the thickness of the waveguide. The inserts show the distribution of the
field Hy in the waveguide and the surrounding space for waveguide permittivity &; = -5 (a) and
& = —15 (b), if a TM point source is placed at the entrance of the waveguide.

The range of —1<g;<0 corresponds to the case of Fig. 2(a), in which there is a backward
undamped wave 1 dominating the fields in the waveguide, but no radiation is obtained from
the waveguide. The area —9<g;<-1 corresponds to the case of Fig. 2(b), where the complex
backward waves 2 prevail over the forward mode 1 and the total power flux P.s is negative,
indicating mainly backward waves in the waveguide. The excited guided wave undergoes
negative refraction at the lateral boundaries of the waveguide, making the waveguide to
radiate predominantly in the lateral and back directions (see inset (a) in Fig. 3) [14-18]. Thus,
if a point source of TM-waves is placed next to the slab (i.e. at x<-a — see Fig. 1), it will
excite backward waves in the slab (like a source in front of a DNG slab), creating an image of
the source behind the slab due to excitation of the backward waves in the slab and the
backward radiation of these waves.

The area g,<-9 of corresponds to the case of Fig. 2(c), where the backward complex waves
2 are strongly damped and do not contribute to the field pattern of the waveguide (see inset
(b) in Fig. 3). The propagating wave in the waveguide in this case comes from the forward
mode 1, and the total power flux P_s is positive.

3. Backward propagation and backward THz radiation in a polaritonic slab waveguide

In this section we will apply and test the previous discussion in the case of realistic materials
with negative permittivity values in the THz range. These types of materials are called
polaritonic materials. They are polar crystals where an incident electromagnetic wave excites
and couples with optical phonons. The coupling to optical phonons, which is resonant in the
THz regime, can be described by a resonant permittivity response of Lorenz type [28, 29],
involving both large positive and negative permittivity values:

2
gzgw——(fo_iw)fa' : (8)
0" —o; +loy

In Eq. (8) wr is the angular frequency of the optical phonons in the crystal, y is the
damping factor and &, ¢, are the limiting values of the permittivity for zero and high
frequencies respectively.

Here we consider a d = 2 um thick waveguide made from LiF, embedded in vacuum (g, =
1). For the LiF g = 9.406, ¢, = 1.04, f; = w127 = 9.22 THz, and y' = y 2z = 0.654 THz,
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giving negative values for the LiF permittivity, e g, in the frequency f ( = w/2x) range ~9-25
THz.

The dispersion characteristics of this waveguide are shown in Fig. 4(b), while Fig. 4(a)
shows the waveguide dispersion if the LiF material is considered as lossless, i.e. if Ime ;z = 0.
Note that for the whole frequency range where ¢ ;¢ is negative there is a forward mode, 1 (see
dashed lines), which is the dominant mode in the case Reg ir<<-1, in agreement with the
discussion of Fig. 2. The weakly damped complex backward waves 2 appear in the spectrum
starting from the frequency of 9 THz. These waves prevail over the forward wave, which
means that the total power flux, P.y, of all the waves excited by a TM point source is negative,
in the area beyond 12 THz. The frequency of 21 THz corresponds to Ree s = -1 and
ultraslow surface plasmon-polariton modes appear similar to those considered by Ruppin [30]
for a DNG slab and by Economou [25] for a metal slab.

P,>0 P, <0 4,032 >0 P,

<0

T -' T T T T T 0,0 T . T T T T
10 12 14 16 18 20 22 10 12 14 16 18 20 22
f, THz f, THz

P.>0 P, <O

-

0,5

: iy

oo
10 12 14 16 18 20 22 0,0

f, THz

10 12 14 16 18 20 22
f, THz

(c) (d)

Fig. 4. Dispersion characteristics of a LiF waveguide of thickness d = 2 um embedded in
vacuum (&2 = 1) (panels (a) and (b)), and in NaCl (panels (c) and (d)). In panels (a) and (c) the
materials have been considered as lossless (Im(e) = 0), while in (b) and (d) the losses in the
materials have been also taken into account. The forward and backward waves are shown by
the dashed and solid lines, respectively. Family of complex waves are marked 2. The dotted
line separates the positive flux regime from the negative one.

Note that the allowance of losses in LiF (Ime_z=0) gives rise to damped backward waves
in the vicinity of 9 THz, where the losses (Imeg i) have maximum.

It has been discussed and demonstrated recently [31,32] that periodic systems formed by
polaritonic materials (of um unit cell size) can be easily obtained using a self-organization
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approach known as eutectics directional solidification. This approach can easily give layered
media made of two polaritonic materials with adjustable unit cell size. To prepare for the
study of the propagation in such systems we examined first the case of a single LiF slab
(waveguide) embedded in NaCl instead of vacuum. In the frequency band where LiF has
negative permittivity NaCl has almost constant permittivity with positive values (permittivity
of NaCl [31] is also given by Eq. (8), with &, = 5.586, ¢, = 2.222, f; = w1/2r = 4.92 THz, and
v =v/2z = 0.207 THz).

The dispersion characteristics for the LiF slab embedded in NaCl are shown in Fig. 4(d),
while Fig. 4(c) shows the same dispersion if the materials are considered as lossless. When
Reeg ir<<-5 the dispersion shows a main forward wave, 1. This corresponds to frequencies in
the vicinity of 9 THz (Fig. 4(c)). Backward complex waves 2 appear beyond the frequency of
9.5 THz. They have a strong influence on the total power flux P.s and prevail over the
forward wave 1 for frequencies higher than 12 THz (resulting to negative total power flux

PZZ)'
4. THz imaging based on backward propagation and backward radiation

According to the above discussion, a point source near a negative permittivity slab (i.e. a
planar negative permittivity waveguide) can excite both backward and forward waves in the
waveguide. In the case of the dominance of backward waves, the waveguide radiates
predominantly in the lateral and backward directions (See inset (a) in Fig. 3). The felds of
source can couple to these modes of the slab discussed in the previous section. To examine
the propagation in the case where backward waves dominate the spectrum of the waveguide,
we simulated (using the CST Microwave Studio) the configuration where a TM-point source
is placed in the vicinity of a LiF slab embedded in NaCl, as shown in Fig. 5. The slab has
thickness d = 2 um and the source is placed 1 um away from the LiF-NaCl interface.

Image
Backward
waves
- i (% ] J | .Il Illlllll»‘ll’lllll
L 2Ea uzE-z | — ) LT, 4
T WA Min 9 P A
Point source Point source Point source
(@ (b) (©)

Fig. 5. Hy field distribution in a LiF slab of thickness d = 2 um embedded in NaCl at
frequencies 13 THz (a) and 15 THz (b). The source is a TM point source located 1 pm away
from the LiF-NaCl interface. Scheme of the focusing mechanism (c).

Figure 5 shows the field (H,) distribution at frequencies 13 THz (panel (a)) and 15 THz
(panel (b)). In both cases the total power flux P_s of the waves supported by the slab is
negative, as shown in Fig. 4(d), indicating mainly backward waves (along the waveguide
direction). In the case where backward waves dominate, the waveguide radiates
predominantly in the lateral and backward directions (See inset (a) in Fig. 3).

As a result, the waves excited by the point source will converge towards each other inside
the slab (as can be deduced from the conservation of parallel wave vector at the LiF-NaCl
interface and the backward nature of the waves inside the slab). Thus, there are two backward
propagating waves towards the center of the slab which will interfere leading to focusing of
the source field inside the slab and focusing of the backward radiated waves behind the slab,
as shown schematically in Fig. 5(c). At frequencies below 12 THz the backward complex
waves are strongly damped (Fig. 4(d)) and the focusing effect is not observed.

The focusing of backward radiated waves at the waveguide configuration of Fig. 5 can be
explored and exploited further, for the construction of a THz lens. The lens is based on a
layered system of alternating LiF and NaCl layers in the frequency regime where the wave
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along the LiF layers is mainly backward. In this case, the field emitted by a point source
placed before the first layer is channeled through the layers and transferred at the image plane,
as shown in Fig. 6. The focusing effect in this case is due to the excitation of prevailing
backward (along z-direction) complex waves inside the LiF layers and the negative refraction
of these waves at the LiF/NaCl interfaces. In the system of Fig. 6 the thickness of each layer
is 2 pm and the total lens thickness is 24 pm. The field is localized in a channel of thickness
(along z) less than half wavelength, which indicates subwavelength resolution imaging.

Max

Point source Min

—’X

Fig. 6. The Hy field distribution in a layered system of LiF and NaCl layers (of thickness 2 pm
each) excited by a TM-point source at frequency 14 THz (~21.5 um). The total thickness of the
lens is 24 pm.

Note that the lens discussed here is different from the metamaterial lenses proposed in
Refs [33-35]. In particular, the lens proposed by Ramakrishna et. al. [33], composed of layers
with opposite permittivity values, is based on the principle of amplification of the evanescent
modes due to surface plasmon polariton resonances at the layer boundaries [33]. The same
operation principle applies for the lens considered by Wood at al [34], although in this case
the permittivity of the neighboring layers is different in absolute value. Alekseyev and
Narimanov [35] proposed a layered anisotropic system in which there are slow, guided, non
leaky waves. The evanescent waves of source can resonantly couple to the slow light modes
of the slab and transferred by the lens.

In contrast to previous layered systems, the lens proposed in this paper operates with
complex backward waves, which are excited in the layers. As a result this leads to a focusing
of the source field from layer to layer.

At the same time, the lens proposed here has several limitations, as in almost all cases of
metamaterial-based lenses: Since the system operates with complex waves, although weakly
damped, the source must be placed at a distance of no more than one wavelength away from
the lens. Moreover the thickness of the lens cannot be arbitrarily large due to inherent
materials losses.

5. Conclusions

We theoretically investigated the guided modes in negative permittivity slab waveguides and
found frequency and permittivity regimes where backward complex (leaky) waves dominate
the spectrum of the waveguide. We showed how these backward waves and the resulting
backward radiation can be focused in such waveguides, creating imaging systems. We applied
the analysis in the case of waveguides made of polaritonic materials, operating in the THz
regime, and we demonstrated subwavelength imaging in a single LiF slab waveguide and in a
layered system of many such “waveguides” alternating with NaCl layers, i.e. in a LiF/NaCl
multilayer system which would lead to the almost full decay of the wave for large thicknesses.
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