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This work examines the propagation of light plasmon coupling at uniaxial chiral-metal-uniaxial
chiral planar interface. Gold (Au) is sandwiched between uniaxial chiral (UAC) layers. We have
derived the characteristics equation by employing boundary conditions at x = d on UAC-metal and
x =—d on metal-UAC interfaces. Three cases of UAC medium are discussed under the different
values of chirality and core width in the visible frequency region. Based on the numerical results,
it is concluded that case I (g, = —0.025¢, &, = 0.2¢,) has the highest effective mode index (EMI),
whereas case II (¢, = 0.25¢, ¢, = —0.2¢,) has the lowest EMI. As an additional benefit, it has also
been shown that a specified frequency band can be tuned by altering the chirality and core width
of the proposed planar structure. Moreover, case III (¢, = —0.25¢, &, = —0.5¢,) exhibits the highest
cut-off frequency and case I exhibits the lowest value. The present work may have potential ap-
plications in optical sensors, plasmonic platforms, detectors and surface waveguides.
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1. Introduction

The application of electromagnetic surface waves in the field of plasmonics has recently
garnered significant attention from researchers due to their potential applications in
various areas, including communications, optoelectronic devices, light-trapping sys-
tems, spectroscopy, and biochemical sensing. Different types of EM surface waves,
like the surface plasmon polaritons (SPPs) [1-3], Fano, Tamm, Dyakonov, and
Bloch waves, propagate through specific interfaces [4]. In the past few decades,
SPPs have been extensively researched for their multiple unique properties, which
have been leveraged to design nanoscale electronic and photonic devices [1-5].
SPPs are the phenomenon by which electromagnetic waves propagate along a metal
surface, unlike within a dielectric waveguide. The SPPs can be used for controlling
switches and constructing amplifiers and modulators [6-10]. An essential difference
between SPPs and conventional focusing technologies such as dielectric lenses is that
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SPPs are capable of confining electromagnetic fields to smaller scales, which makes
them distinct from conventional focusing techniques [1,11]. By substituting SPPs for
free-space propagating EM waves, it is possible to reduce the size of devices and sys-
tems. Interaction between photons and electrons produces a larger wavevector than free
space waves [12]. Thus, it is evident that metal-based structure plays a key role in de-
termining the frequency range as well as propagation loss of SPPs modes [13]. Several
metal-based structures have been developed for the excitation of SPPs [5-7,14-16].
Using SPPs, optical signals can be transmitted beyond the diffraction limit. Metals ex-
hibit novel optical properties due to their quasi-free electrons. Electrons exhibit optical
properties as they oscillate in an electric field. Metals can confine photons in the visible
spectrum at subwavelength scales [8]. Additionally, when the energy of the photon
exceeds the energy of the metal’s bandgap, there is a possibility of interband excita-
tions. Freely moving conduction electrons can have a significant effect on noble metals
properties [9]. Various metal-based studies were presented to explore SPPs charac-
teristics. MI et al. examined the plasmonic properties of SPPs at chiral metal inter-
faces [15]. A theoretical model of the characteristics of EM surface waves at chiral
metal-chiral planar interfaces has been developed by ZHANG et al. to design nanophotonic
devices [10]. Scientifically, waveguides based on chiral SPPs are also subject to increas-
ing attention in the scientific community. Furthermore, it has been demonstrated that
the presence of localized chiral SPPs in symmetric nanostructure enables chiral sensing
of small chiral molecules, while propagating chiral SPPs in one-dimensional metal
nanowires enables high-resolution microscopy and spectroscopy. However, one of the
major disadvantages of isotropic chiral is that the degree of chirality cannot be effec-
tively controlled. To overcome this issue UAC-based structure has been introduced ex-
plore the characteristics of SPPs.

The concept of UAC describes chiral materials that possess nondirectional chirality [11].
It is quite easy to manufacture uniaxial chiral medium [12]. The most common method
of producing UAC materials is by incorporating small chiral elements within an ani-
sotropic medium [13]. The vapor deposition technique allows for the efficient produc-
tion of such a medium [17]. UAC mediums are expected to exhibit several fascinating
optical properties due to their chirality and anisotropy. In this manuscript, numerical
analysis of SPPs at UAC-metal-UAC in the visible spectrum are analyzed. Three cases
of UAC medium are studied to demonstrate the influence of chirality and core width
on effective mode index (EMI) as the function of wave frequency.

2. Methodology

The schematic view of the planar interface for UAC-metal-UAC is shown in Fig. 1.
UAC materials differ from conventional dielectrics by coupling electric and magnetic
fields. The constitutive relations express this coupling in terms of chirality. The con-
stitutive relations may take different forms depending on the choice of field vectors
used in the relation.
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Fig. 1. Schematic view of the planar interface for UAC-metal-UAC.

The brief description of the constitutive relations for uniaxial chiral medium are
given below.

D = [e]+2,8,8,] E—jéfuge, &6, H (1a)
B = [ﬂtiwzézéz] H—j&[ugey 8,6, E (1b)

In above equation, ¢ denote the chirality which is responsible for electromagnetic cou-
pling, I, = &.&, + ¢&,¢, denote the dyadic vector, &, and  represent the permittivity
and permeability of free space, respectively, ¢, 4, and ¢,, u, are transverse and longi-
tudinal components of uniaxial chiral medium, and ¢,, ¢€,, and ¢, are mutually per-
pendicular unit vectors in a Cartesian coordinate system.
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As for the remaining EM field components, they obtained as follows: &, and k;, describe
the wavenumbers for UAC medium [18]. The remaining EM fields components can
be obtained from [18].

2 2
k2 — 1_2 IuZ + gZ + [qu _ 82] + 45 IngZ (6)
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Here, S;, S5, S3, S4, S5, Sg, S7 and Sg are unknown coefficient, and
k, = B -’ 1, (16)

ky = w.Juye, (17)

while ¢, is the permittivity of metal as reported in [19].
Rx [H —H,| =0 (18)

% x [El —Ez] -0 (19)

The above set of EM fields equations for UAC medium and metal medium, with the
boundary conditions for UAC-metal at x = d and for metal-UAC at x = —d interfaces
yields the following dispersion relation:
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3. Results

In this section, the numerical results for UAC-metal-UAC planar structure are analyzed
to calculate the EMI under the different values of chirality and core width d by using
dispersion relation (20). The UAC media provide an extra degree of freedom to control
the SPPs, in comparison with the isotropic chiral media. It is important to consider the
EMI during the fabrication of nano-plasmonic devices in optics sector [20]. In all pro-
posed cases gold metal is assumed.

3.1. Casel

In this case, we have chosen the parameter values as: u, = u, = 1y, 1ty = 1,6, =—-0.025¢,
e, = 0.2gpand ¢ = 0.7. To properly investigate the EMI for the UAC-metal-UAC planar
structure, the influence of chirality and core width on the EMI are examined in
Figs. 2(a) and (b), respectively. According to Fig. 2(a), as chirality increases, the in-
cident wave frequency decreases and EMI increases as reported in [21-23].
Furthermore, the frequency band becomes wider for higher chirality values. It is
important to note that at higher frequencies characteristic curves display unphysical
regions. Higher & values result in larger EMI, indicating that a greater £ enhances the
localization of surface plasmons and their interaction with the material. This can lead
to more efficient plasmon propagation at the interface. This is very crucial factor in
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Fig. 2. Influence of chirality on core width on EMI for case I at u,=p, =pg, pt; =1, & =-0.025¢,,
and ¢, = 0.2¢,,.



174 M. UMAIR et al.

the design of plasmonic sensors, waveguides, and nanoscale optical devices. Thus, in-
creasing chirality results in an increased EMI for SPPs which reflect the stronger field
confinement. This is primarily due to the modification of optical properties and cou-
pling mechanisms at the UAC-metal-UAC interface caused by chirality. In plasmonics,
the thickness of the metal layer drastically affects the propagation and confinement of
surface plasmons. The EMI under the different values of core width is analyzed in
Fig. 2(b). As magnitude of core width increases, the EMI decreases [6,24] in the pro-
posed frequency range. Furthermore, frequency band starts squeezing for higher core
width values. The change in core width will result in a change in the phase velocity
dispersion and group velocity dispersion of the SPPs as well as the field confinement
that is extremely suitable for sensors applications as reported in [25]. As seen in
Fig. 2(b), thinner layers lead to stronger confinement (higher EMI). This is because in
plasmonics, thinner metal layers allow for tighter coupling between the electromag-
netic field and the electron oscillations at the surface. Form Fig. 2, it is concluded that
by increasing the chirality or reducing the core width, field confinement can be im-
proved, providing benefits for applications such as enhanced spectroscopy and minia-
ture optical circuits.

3.2. Case Il

In this case, we have used the parameter values as: y, =1, = ug, 11 =1, &, = 0.25¢,,
e,=—0.2¢y, {=0.7 and core width d = 20 nm. EMI versus incident wave frequency
under the different values of chirality is plotted in Fig. 3(a). In UAC, medium when
EM waves interact with chiral molecules, the behavior of SPPs is changed. With increas-
ing chirality, characteristics peaks are shifted from low to high frequencies. Further-
more, by increasing the chirality parameter, the frequency band becomes wider. This
broadening of the frequency band is caused by chiral interactions between the electro-
magnetic wave and metal medium, which modify the behavior and response of the
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Fig. 3. Impact of chirality and core width on EMI for case II at u, =, = pg, 1y =1, &, = 0.25¢;, and
&, =—0.2s¢.
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SPPs for proposed waveguide structure. Furthermore, the cut-off frequency starts to
increase by increasing chirality value. Moreover, the highest EMI is achieved for highest
value of chirality as reported in [21-23]. Figure 3(b) illustrates the effect of core width
on EMI versus incident wave frequency. In response to the increase in core width, the
SPPs mode interacts more strongly with the surrounding UAC medium. Additionally,
larger core width values reduce the amount of SPPs mode leakage into the UAC me-
dium. Like case I, the frequency band starts squeezing with the increment of core
width. Furthermore, as core width increases, the EMI increases as reported in [19] for
case II. The results indicate that higher values of core width could result in higher EMI
in the proposed frequency range. Moreover, the highest variation in characteristics
peak occurs for lower core width as indicated by red peak. Compared to case I, it is
seen that core widths have a very small influence on EMI for case II. Overall, these
attributes are crucial for high frequency plasmonic devices where tuning chirality and
core width can achieve desired field distribution and mode stability.

3.3. Case 111

In this case, we have used the parameter values as: u, = u, = pp, u; = 1, & =-0.25¢,
g, =—0.5¢y, £ = 0.7 and core width d = 20 nm. In Fig. 4(a) we plot the EMI under the
different values of chirality by using characteristics Eq. (20). The cut-off frequency
decreases as chirality increases while EMI increases, indicating a stronger confinement
of SPPs. As compared to the previous cases, i.e., case | and case II, it is particularly
noteworthy that case III supports very high frequencies and displays the lowest EMI.
The numerical results suggest that if both ¢, and ¢, have negative values then SPPs will
be generated at very high frequencies with the lowest effect mode index when compared
to other cases discussed above for the proposed waveguide structure. In waveguides,
the dispersion relation of SPPs modes is strongly affected by the geometry of the wave-
guide, including the width of its core. So, the dispersion properties of an SPPs mode
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Fig. 4. Impact of chirality and core width on EMI for case II at z, = u, = gy, 11 =1, & =—-0.25¢;, and
&, =—05g,.
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can be modified by varying core width of waveguide. To study the factor of EMI, which
is a very important parameter for the plasmonic sector, Fig. 4(b) analyzes the influence
of core width on EMI. The core width increases from d =20 nm to d = 30 nm. Like
the previous two cases, as core width increases, the frequency band becomes broad-
ened. Furthermore, the highest EMI could be achieved at the highest value of core
width in the proposed frequency band for proposed waveguide structure. This is be-
cause increasing the core width allows for more effective confinement of the electro-
magnetic field within the waveguide. As a result, the interaction between the core and
cladding is enhanced, leading to an increase in the effective mode index (EMI). This
makes the waveguide more efficient at guiding light at high frequencies. As core width
increases, leakage losses decrease and mode confinement increases near the UAC-met-

Table 1. Frequency and effective mode index for case I.

Frequency [1015 Hz]  Effective mode index Frequency [1015 Hz]  Effective mode index
2 121.0636 0.520833 57.7747
1.665214 117.9813 0.506297 53.77604
1.390625 113.8076 0.494792 49.98038
1.213542 109.9861 0.484375 45.92148
1.073613 105.973 0.475783 41.92708
0.968998 101.9965 0.46875 37.93317
0.885417 97.97503 0.462952 33.9304
0.817708 93.93696 0.457686 29.6224
0.760417 89.99538 0.453125 25.54552
0.712665 85.98389 0.448477 21.67885
0.667918 81.59345 0.440713 17.10467
0.63653 77.99576 13.74401 13.74401
0.606317 73.98685 0.416667 9.54575
0.580065 69.94977 0.398438 5.954142
0.557292 65.87333 0.376376 1.822917
0.537915 61.97917 0.3845 0

Table 2. Frequency and effective mode index for case II.

Frequency [10'5 Hz] Effective mode index
1.112843 10
1.233528 9
1.383478 8
1.57467 7
1.826032 6
2.170534 5
2.668641 4
3.442455 3
4.7539 2
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Table 3. Frequency and effective mode index for case III.

Frequency [10'> Hz] Effective mode index
20 0.752623

19.02028 0.702138

18.00092 0.637408

17.07451 0.5625

16.00019 0.443769

15 0.264003

14.49511 0

al-UAC planar interface, ultimately leading to an increase in the EMI. Thus, from
Fig. 4, a fine control of chirality and d is crucial in the development of narrowband
plasmonic devices. Case I can greatly improve field localization and sensitivity in ap-
plications such as waveguides, modulators, and sensors used in THz plasmonics.
Case Il can be advantageous for compact and efficient THz devices, such as resonators
and sensors, where field confinement is essential. While case III is crucial in the de-
velopment of narrowband plasmonic devices.

The data table regarding effective mode index and frequency for cases I-I1I are giv-
en in Tables 1-3, respectively.

4, Conclusion

The numerical analysis of SPPs at UAC-metal-UAC planar waveguide structure has
been analyzed. Three cases of UAC media were analyzed in the visible frequency
range. It has been demonstrated that highest EMI achieved when ¢, < ¢, and lowest
EMI achieved when both ¢, and ¢, are negative. When ¢, < ¢,, lower frequency plasmon
mode is generated but when both ¢, and ¢, are negative, higher frequency plasmon mode
are generated. Furthermore, it is also concluded that higher values of core width reduce
the EMI for case I and vice versa for cases II and III. This study can be advantageous
for compact and efficient THz devices, such as resonators, modulators and sensors
where field confinement is essential.
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