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ABSTRACT This paper presents a theoretical investigation of electromagnetic wave coupling and tunneling
through chiral-chiral interfaces. The dispersion relation, conditions of the trapped modes, and evanescent
wave coupling and tunneling in an optically active chiral slab and chiral ambient medium are derived.
The transfer matrix method is developed to obtain the transmission and reflection coefficients across the
chiral slab. The formation of discrete trapped modes and the continuous interval, where the discrete trapped
modes are embedded, are determined by the chirality parameter of the chiral slab. The instantaneous field
components, revealed via evanescent wave coupling and tunneling through the chiral slab interfaces, are also

reported.

INDEX TERMS Chiral interfaces, evanescent waves, wave coupling, wave tunneling.

I. INTRODUCTION

Recently, technologies based on electromagnetic and optical
materials have made significant progress. Cutting-edge elec-
tromagnetic (EM) materials, where major developments are
being made, include metamaterials and optically active chiral
materials. In recent years, numerous studies have explored the
interaction of electromagnetic waves with chiral media. The
primary property of chiral media is optical activity because it
can rotate the polarization of linearly polarized plane waves
propagating through the media [1]. Another important prop-
erty of chiral media is circular dichroism, which refers to
the different absorption of right and left circularly polarized
waves inside the chiral medium [2]. Additionally, electric and
magnetic fields are cross-coupled in chiral media.

The propagation of EM waves through dielectric chiral
interfaces and through infinite chiral slabs was studied in [3].
That research confirmed the rotation of polarization of inci-
dent waves inside chiral materials. Chirowaveguides and
their unique properties were introduced in [4]. Due to the
optically active material inside the waveguide, chirowaveg-
uides cannot support transverse electric (TE), transverse
magnetic (TM), or transverse electromagnetic (TEM) modes
separately, but they manifest mode-bifurcation in hybrid
forms [4]-[6]. Additionally, the dispersion relations and field
distribution of the hybrid propagating modes in chiral slabs,
placed in a homogeneous symmetrical isotropic medium,
were presented in [7]. The reflection and transmission

characteristics of chiral media were also investigated in
several published works [8]-[11]. The constitutive relation
parameters of chiral media can be retrieved using several
techniques, such as the state-space approach [2] and the
transfer matrix technique [12] from the transmission and
reflection coefficients, or from the dispersion relation [13].
Scattering and shielding of EM waves from a chiral material
have been extensively studied in the literature [14]-[23].
Scattering by intrinsic optically active cylinders, with approx-
imate expressions for small cylinders as compared to the
incident wavelength, were modeled in [14]. A simple integral
equation and method of moment solution to the problem of
TE and TM scattering from a lossy homogeneous chiral cylin-
der of arbitrary cross-section can be obtained by replacing
the cylinder with equivalent electric- and magnetic-surface
currents [15]. Scattering and shielding characteristics of
chiral-coated fibers have been studied using the state-
equation approach [21].

The present work studies the atypical electromagnetic
transmission and evanescent wave behavior in chiral slabs,
emphasizing the evanescent wave penetration by coupling
and tunneling through chiral layers. Accordingly, formation
of discrete trapped modes in the chiral slab is investigated.
The transfer matrix method (TMM) is employed to derive the
transmission and reflection coefficients across the chiral slab.
Additionally, the instantaneous field components in the chiral
ambient medium and the chiral slab are presented. The effects
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FIGURE 1. Geometry of the problem.

of the chirality parameter on the band where the discrete
trapped modes are embedded, and the number of discrete
trapped modes, are also explored. Further understanding of
this EM behavior in optically active materials is expected to
exert a notable influence on diagnosing and characterizing
such materials, and therefore to have several implications
in the design of forthcoming electromagnetic and optical
devices.

Il. FORMULATION AND ANALYSIS

To investigate the interaction of the evanescent and propagat-
ing EM waves through chiral interfaces, consider the physical
model shown in Fig. 1, where a chiral slab is placed in a
chiral ambient medium. Both chiral ambient media and the
chiral slab support both propagating and evanescent modes
at the same parallel wavevector. The following constitutive
relations are used to characterize the chiral media:

D = ¢E — jxH
B = jkE + uH, 60

where ¢, u, and « are the permittivity, permeability, and the
chirality parameter of the medium, respectively.

Consider general obliquely incident plane waves with time
dependency e~ . The fields are defined as

E (x.y,2:1) = Egel (b thothaen)

Ey(2) .
= | By ez(kxx—&-kyy—wt) , (2a)
E.(2)

and

H (x’ v,z t) — Hoei(kxx+kyy+kz_z—a)l)
Hy(2)

= | H)

H(2)

where K = (ky, ky) is the wavevector parallel to the chiral
layer and w is the angular frequency of the incident plane
wave. Using the Berreman 4 x 4 matrix method [24], the
Maxwell equations are reduced to four ordinary differential
equations for the tangential components of the electric and
magnetic fields:

ei(kxx+kyy—wt) , (2b)

d¥(z)

= iJAV (7). 3)
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A. FIELDS IN THE CHIRAL AMBIENT MEDIUM

The chiral ambient medium has the following general prop-
erties: &4, g, and k. These properties are selected to provide
two real and two imaginaryz-directional wavenumbers, corre-
sponding to propagating and evanescent modes, respectively.
These modes are the eigenvalues of the 4 x 4 matrix iJA in
the medium:

2
w
ke = i\/ 7 (eatta + Ka)® — k2, )
and
R 2_p2 5
L = c_z(ga,ua_’(a) — Ky Q)

where the superscripts ap and ae refer to propagating and
evanescent modes in the ambient medium, respectively. The
corresponding tangential field components (eigenvectors)
associated with these wavenumbers are given by

| Ljae (Saluva — Kay/ Sa,ua) l
R 2
c€a (Saﬂa - Ka)
; [Pa
VG = & , ®)
:Flsz

% (\/ Eallg + Ka)
1

and

i 1, (ga,u«a + Kaa/ etzﬂa) ]
b ) 2
<€a (Saﬂa Ka)

_ [Fa
V= & . ™
:tlkZL

%) (\/ Eallg — Ka)
1

The R and L refer to the right circularly polarized (RCP) and
left circularly polarized (LCP) waves in the chiral medium,
respectively.

In this exploration, the propagating LCP wavenum-
ber (k?f ) is real, while the evanescent RCP wavenumber
(k%) should be imaginary. Therefore, for the chiral ambi-
ent medium to support these two modes instantaneously,
the parameters of the medium must satisfy the following
conditions:

2 ) kZ
= (atta + Ka)™ < — ®)

(2)" (2)"

c

(eatta — Ka)2 >
which implies that x, < 0.

B. FIELDS IN THE CHIRAL SLAB MEDIUM

The chiral slab has the following general properties: &, (s,
and k. These properties are, also, selected to provide two real
and two imaginary z-directional wavenumbers, correspond-
ing to propagating and evanescent modes, respectively.
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These modes are the eigenvalues of the 4 x 4 matrix iJA in
the medium:

2
w
kzsle? = :l:\/c_z (ests + Ks)2 - k)%a )
and
sp_ w? 2 5
kyy ==+ 2 (esphs — Kks)™ — kg, (10)

where the superscripts sp and se refer to propagating and
evanescent modes in the chiral slab medium, respectively.
The corresponding tangential field components (eigenvec-
tors) associated with these wavenumbers are given by

i Lkse (Ssﬂs + K5/ ESMS) ]

R %Ex (Ssﬂs - Ksz)

[
Vig = &5 ; (1D
Fik;

% («/ Eslhs + Ks)
1

and
_ﬂ:kSp (Ssl/«s - Ks«/r/LS) ]
& %Ss (Ssl/«s - ng)
. [ Ms
W= e . (12)
+ikly
¢ (Vosits — )
1

In this exploration, the propagating RCP wavenumber (k_p)
is real while the evanescent LCP wavenumber (kz“f) should
be imaginary. Therefore, for the chiral slab medium that
supports these two modes instantaneously, the parameters of
the medium must satisfy the following conditions:
2 5 2
X X
, o (eshs —kg)T < >
2 2
?) (?)

c

(esits + K5)* > (13)

which implies that x5 > 0.

Evanescent wave coupling at the chiral interface arises
when the incident frequencies belong to the continuous spec-
trum interval /, and the RCP field components of the chiral
ambient evanescent modes match those of the propagating
modes in the chiral interface. Conversely, the propagating
waves in the chiral ambient medium, with frequencies that
belong to the band 7, can be tunneled to the other side of the
chiral slab by means of evanescent waves across the chiral
slab. This phenomenon is similar to the tunneling of particles
in quantum mechanics. Therefore, the construction of the
trapped modes in the slab can be determined by matching the
evanescent RCP fields in the ambient medium with the RCP
propagating fields in the chiral slab at the interfaces.

2444

The fields in the chiral ambient media (z < 0 and z > d)
and in the chiral slab (0 < z < d) are given by
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(z>d), (14)

k=)

where Ci, Cp, C3, and Cy4 are constants to be determined
by applying the correct boundary conditions. Equation (14)
presents the tangential field components inside and outside
the chiral slab. These components are the evanescent fields
in regions (z < 0 and z > d) and the propagation in
region (0 < z < d). The continuity of the pertinent tangential
field components at the interfaces (z = 0, z = d) yields

—kz‘;,gra kgles —kg,’iTs 8 Ci
0 kBT *d kBT paer, || G
0 o—ikld oikld - Cy
=0. (15)

For the above matrix to have a non-trivial solution, its
determinant must be equal to zero; then, the trapped modes
condition is given by

kae T ksl’ T
sp . R ta R Ls . sp _
2 cos (szd) —1 (kz_YgTA + %T—a s (kZRd) =0, (16)
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FIGURE 2. The dispersion relations (a) when «s = 0.2, (b) when «s = 0.5,
and (c) when ks = 0.8. The blue and red lines are for the chiral ambient
medium propagating and evanescent (RCL) z-directional wavenumber,
respectively. The black and green lines are the propagating and
evanescent (RCL) z-directional wavenumber of the chiral slab,
respectively. The interval / is bounded by the (RCL) z-directional
wavenumbers of the chiral slab.

where
= (atta — Ka\/%)’
Ceq (Sa,ua — Kg)
and
o e~y

%)55 (SSMS - Ksz) .

VOLUME 5, 2017

@

0.26

0.24

0.22

0.2

(b)

0.3

5 0.25

0 5 10 15
L

©

FIGURE 3. Trapped-mode frequencies as a function of the chiral slab
thickness. (a) ks = 0.2, (b) s = 0.5, and (c) ks = 0.8.

When an electromagnetic field is incident on the chiral slab,
part of this field will be transmitted to the other side, and the
other part of the field will be reflected. If the incident field
hits the chiral slab at z = 0, the resulting field outside the
slab will be as follows:

¥ (2)
. ap _aap _pae

VTRelkZRZ + 77 g Tee RS 41 1 e RS (2 < 0)
- 4P, irae,_

tiRVTReZkZR(Z D+ tiRVTReZkZ"(Z D (z > d),

(17
P . . . .
where v‘fRe’szZ is the incident field, v‘fl’f are the eigenvectors
ap,e

associated with the eigenvalues +k ™ in the anisotropic
ambient medium, and 5 and ti’; are the amplitudes of the
reflected and transmitted fields, respectively.

The tangential field components at the interfaces of the
chiral slab are continuous, so the field inside the slab can be

found using the transfer matrix method [24] as
¥ (d) =T (0,d) v (0) (13)
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FIGURE 4. Transmission and reflection coefficients with «s = 0.8.
(a) Transmission coefficient. (b) Reflection coefficient.

and

pfir H 1R =T 0.d) (Mg + il + 700 g)
(19)

where T (0,d) = e¥Asd ig the transfer matrix of the chiral
layer. Then, the transmission and reflection coefficients can
be determined directly from (19). For the case of ambient
LCP evanescent wave coupling to the chiral slab, the mate-
rials should have x, > 0 and k; < 0. Hence, the trapped
mode condition is also given by (16).

Ill. RESULTS AND DISCUSSION

To explore the behavior of the propagating and evanescent
electromagnetic wave coupling, and tunneling through the
chiral slab, the previously derived analytical formulations
are used to examine the dispersion relations, trapped modes
condition, and transmission coefficients in the chiral slab.

Consider the chiral ambient medium characterized by the
following properties: ¢, = 5.4, u, = 1, and k, = —1. The
properties of the chiral slab are ¢, = 5.4, usy = 1, with «;
varied. The dispersion relations of the structure are shown
in Fig. 2 for three chirality parameters, x; = 0.3, 0.5, and
0.8. As the chirality parameter increases, the continuous inter-
val I, where the trapped modes are embedded, is widened.
The interval I as a function of three different values of the
chirality parameter is listed in Table 1.

Figure 3 shows the trapped modes embedded in the con-
tinuous interval /. As a result of expanding the continuous
interval I, more possible trapped modes are included. For
example, when the thickness of the chiral layer is set to
10 units (d = 10), there is only one perfect trapped mode
when «; = 0.2. The frequency of this trapped mode is
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FIGURE 5. Instantaneous transverse fields at trapped mode frequencies.
(a) ks = 0.5 and » = 0.221721, (b) s = 0.5 and w = 0.253719, and
() ks = 0.8 and w = 0.296351.
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FIGURE 6. Tunneling of fields across the slab. xs = 0.8, » = 0.27, and
d =8.

w = 0.221721. However, for the same thickness of the chiral
layer d = 10, there are two trapped modes when k; = 0.5;
these trapped modes are located at @ = 0.199347 and w =
0.253719. Additionally, there are three trapped modes when
ks = 0.8, with frequencies v = 0.181034, = 0.232208,
and w = 0.296351.

The transmission and the reflection coefficients of the
chiral slab, with k; = 0.8 as a function of the frequency,
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TABLE 1. Interval / for different values of the chirality parameter.
Kg 1
0.2 [0.198114, 0.235428]
0.5 [0.177066, 0.274154]
0.8 [0.160061, 0.328129]

are depicted in Fig. 4. The instantaneous field components at
some trapped modes are depicted in Fig. 5. The instantaneous
fields display the coupling between evanescent waves in the
chiral ambient medium and the propagating fields in the
chiral slab. For any frequency that belongs to the continuum
frequency band /, propagating fields in the chiral ambient
medium can be tunneled to the other side of the slab by means
of the evanescent fields in the slab, as shown in Fig. 6.

IV. CONCLUSIONS

This paper presented a consolidated analytical investigation
of the electromagnetic wave coupling and tunneling mech-
anisms through chiral layers. It focused on the character-
ization of the evanescent wave behavior and the physical
conditions of the evanescent wave coupling and tunneling
through chiral interfaces. Accordingly, the formation of dis-
crete trapped modes in the chiral slab was investigated. The
possible number and frequencies of these discrete trapped
modes in the chiral slab were determined. The value of the
chirality parameter has an evident effect on the trapped mode
frequencies and on the width of the continuous interval where
these discrete trapped modes are embedded. Electromagnetic
evanescent wave tunneling through the chiral slab interfaces
was confirmed if the incident wave frequencies belonged
to the continuum interval of the embedded modes in the
chiral slab. Lastly, the fields transmitted by the mechanisms
of evanescent wave coupling and tunneling through chiral
interfaces were evaluated using the Berreman matrix method.
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