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Plasma loaded uniaxial chiral slab
waveguide

Muhammad Umair?, Abdul Ghaffar(?1*?, Majeed A. S. Alkanhal?, Yasin Khan?,
Muhammad Usman Shahid* & Muhammad Amir Ali3

In this study, numerical analysis has been carried out at plasma loaded uniaxial chiral slab waveguide.
The formulation is based on differential form of Maxwell’s equations and characteristics equation is
obtained by employing boundary conditions at uniaxial chiral-plasma-uniaxial. Two cases of uniaxial
chiral media i.e., axial permitivity grater than tranverse permitivity and axial permitivity less than
tranverse permitivity are discussed to explore the characteristics for proposed waveguide structure.
The influence of collsional frequencies, plasma frequencies, chirality and core width of waveguide
on normalized propagation constant and propagation are analyzed. Numerical results indicate that
physical parametrs of isotropic plasma (collisonal frequency and plasma frequency), chirality and
core width play pivotal role to tune the normlized propagation constant, propagation length band
gap and cut-off frequency in certain frequency range. The extraordinary traits of uniaxial chiral and
plasma medium offer a wide range of research and development possibilities in diverse areas of
optoelectronics.

Keywords Plasma, Waveguide, Uniaxial chiral, Characteristics equation

Electromagnetic surface wave propagation are of recent interest due to their modern applications in
spectroscopy! ™, optical sensing, chemical sensing and communication system®. Electromagnetic surface wave
propagate between two dissimilar media and shows attenuation. Different types of electromagnetic surface
waves excited by using different optical materials. i.e., Surface plasmon polaritons excited at the metal dielectric
interface. The term “Fano wave” is commonly used to describe a specific type of surface plasmon polariton
(SPP) wave®. This term is employed when the imaginary part of the permittivity of a metal is significantly
smaller as compared to the real part of the permittivity. Dyakonov wave supported at two dielectric materials
one of them should be anisotropic’~®. The properties of electromagnetic surface wave depneds upon partening
optical materials. In optics community, the analysis of plasma filled parallel plate waveguide structures (PPWG)
exhibit remarkable features to fabricate microwave devices'!%. The interaction between electromagnetic
waves and isotropic plasma can be characterized by absorption, reflection, or transmission, depending on the
wavelength and size of the plasma medium!>!® and has pottential application in high frequency applications'’.
The determination of absorption, reflection, and transmission characteristics in a plasma medium involves
analyzing the plasma frequency, collisional frequency, and electromagnetic wave frequency. The permitivity
of isotropic plasma medium i.e., (real and imaginary) are acquired by plasma features (plasma frequency and
collsional frequency) and electromagnetic waves frequency. By manipulating the complex permittivity and
number density of electrons, one can affect the effective collisional frequency and plasma oscillation frequency,
which in turn determine the behavior of the electromagnetic field in isotropic plasma medium!. Various
nonlinear complex differential equations have been analyzed for plasmonics community'®!°. In this context,
researchers have extensively explore the properties of electromagnetic surface waves. For example, Xu et al.
explored the characteristics of s-ploarized and p-plarized surface waves in indefinite medium waveguide®.
Y. Cao et al. studied nonliner absoroption of plasma filled cyliderical waveguide?!. L. Zheng et al. analyzed
the reflection and transmission of electromagnetic wave in isotropic plasma filled structure at THz frequency
regime??. G. Xu & Z. Song the studied the reflection and transmission characteristics of plasma filled medium in
slab waveguide structure®. C. X. Yuan et al. explored the characteristics of plasma filled slab waveguide by using
FDTD method?*. Smirnov and Valovik examined the propagation of transverse electric (TE) guided waves in
Kerr-type nonlinear filled PPWG. They found that when nonlinearity was introduced, a great deal of interesting
results was observed for propagation modes that did not present in linear wave?. Rashid et al. analyzed the
TE waves in plasma filled PPWG sorrouded by ferrite films to design and implementation of integrated circuit
and antenna system at mirowave frequencies?®. M.N. Shaikh demonstrated the numerical analysis of plasma
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sandwich between left handed material (LHM) to fabricate the split ring resonator of LHM. They derived the
dispersion relation for transverse electric mode. Furthermore, they analyzed the propagation constant versus
wave frequency for different plasma thicknesses, plasma frequency and physical parametrs of LHM?’. B. Zamir
and R. Ali explored the transverse electric characteristics of plamsa medium sorrounded by nonolinear magnetic
materials. They studied the propagation constant and power flow for physical parametr of isotropic plasma
medium as well as nonlinera metamaterials at microwave frequencies to fabricate nanophotonic devices.

Recnetaly, metamaterial attracted much attention in optics sector?®?®. The uniaxial chiral mediums are
special type of chiral mediums in which chirality does not appear to be directional®’. The process of artificially
producing uniaxial chiral media is quite simple®!. Small chiral items (such as wire spirals) are usually immersed
into anisotropic host media to synthesize uniaxial chiral materials*. It is widely recognized that to manufacture
isotropic chiral material, an arbitrary arrangement of spirals is essential, which is complicated and expensive®.
One of other disadvantages of isotropic chiral material is that once it has been manufactured, it is relatively
difficult to control its degree of chirality. A waveguide including uniaxial chiral medium is expected to possess
some extraordinary features due to the presence of chirality combined with anisotropy. Furthermore, it enables
complete control over chirality*. That is also the reason for our interest in studying plasma loaded uniaxial
chiral slab waveguide.

The above mentioned literature authors mainly focus on exploring the influence of homogeneous plasma and
an inhomogeneous plasma on EM surface wave and have achieved abundant meaningful results. However, the
EM surface waves in plasma loaded uniaxial chiral slab is not presented yet. In this manuscript, plasma loaded
uniaxial chiral slab waveguide is analyzed to explore hybrid surface wave properties. Two cases of uniaxial chiral
media i.e, €. > € and € > €, are analyzed. Frequency dependent normalized propagation cosntant and
propagation length under different values of plasma features (plasma frequency and collsional frequency), core
width and chirality are studied.

Methodology
Three layers geometry for plasma loaded uniaxial chiral slab waveguide is shown in Fig. 1. Medium I and medium
III represent uniaxial chiral medium while medium II isotropic plasma. Electromagnetic waves propagate along
z-axis and attenuate along x-axis.

The constitutive relations for uniaxial chiral medium are given below.
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InEq. 1, £ representthe chirality parameter which is responsible for electromagnetic coupling, T, = é.6, + &8,
is a dyadic vector, € o and p  are the permittivity and permeability of free space, respectlvely,e 6 M4 and € 5,
p , are transverse and longitudinal components of uniaxial chiral medium, and €,ey, and €, are mutually
perpendicular unit vectors in a Cartesian coordinate system. The time dependency e’* * is taken.

EM field components for medium |
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Fig. 1. Geometry for plasma loaded uniaxial chiral slab waveguide.

Scientific Reports |

(2025) 15:14801 | https://doi.org/10.1038/s41598-025-89922-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Hz = ]O;]# (01 67k11' + CQ eikzw) (3)
t

Here, kiand ko are wavenumbers for uniaxial chiral medium. The remaining EM fields components can be
obtained from?®.
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Here, C1, C3, C3,and C4 are amplitude constants, and &k, = /0 2 w2 plt o> Ko = w /Il g€ 0, € pisthe
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permittivity of isotropic plasma medium, € , = 1 — , wpand v are plasma frequency and collisional

w2tjrw
frequency respectively as reported in'°. v
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The remaining EM fields components can be obtained from?*. By using the above EM field equation for uniaxial
chiral and plasma medium the following boundary conditions are employed to obtain the characteristics
equation:

o~

T X [H1—H2}:0 (16)
0

5,’\ X [E1 — EQ] = (17)
The above boundary conditions to be enforced at uniaxial chiral-plasma-uniaxial chiral to obtain following
characteristics Eq.
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Results and discussion

In this section, electromagnetic surface wave features at uniaxial chiral-plasma-uniaxial chiral planar structure
are analyzed at MHz frequency. For the surface wave analysis, the plots of characteristics curve under the different
magnitudes of collisional frequencies, plasma frequencies, chirality and core width are discussed for three cases
of uniaxial chiral media. The influence of isotropic plasma features, core width and chirality on normalized
propagation constant and propagation length are analyzed. Low frequency and high frequency modes are
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discussed. The numerical analysis of this work has been carried out at parameters i.e,, d = 60 x 107 % m,
We=f, =fg og=4m x 1077, wp =4 x 10"Hzand v = 20 x 10'°Hz. We assumed over dense
plasma regime that plays a significant role in several theoretical and experimental research??73637_ Introducing
over dense plasma into waveguide systems can significantly enhance their performance. The high electron
density alters the dispersion properties, leading to reduced losses and improved mode confinement. This effect
enables the transmission of high-power and high-frequency signals with reduced energy dissipation.

Casel ey > €,

To investigate this case, we have chosen parameters values for uniaxial chiral medium as: u, =p, = p,,
€t = —0.26e9 and €. = 0.4eo. Figure 2a analyzes the influence of collisional frequency on normalized
propagation constant. The collisional frequency magnitudes increase from v =20 x 10'°Hz to
v =24 x 10'°Hz. In this context, two types of surface wave modes appear due to the anisotropic nature
of chiral medium. It is observed that frequency band becomes narrow as the collision frequency of the plasma
increases for both higher and lower modes. Furthermore, as collisional frequency increases, cut-off frequency
starts increasing for both modes. The cut-off frequency is a vital parameter in electronic circuits as it determines
the frequency range over which a filter operates effectively. By carefully selecting the cut-off frequency, engineers
can design circuits that filter out unwanted frequencies and ensure the desired signals are transmitted or received
accurately. The normalized propagation constant increases with frequency for each mode. At lower frequencies,
the normalized propagation constant is smaller, meaning weaker confinement or slower wave propagation, while
at higher frequencies, the propagation constant increases. The tunability of collisional frequency plays a crucial
role in fine-tuning electromagnetic surface waves for communication systems. The variation in propagation
length for three different values of collisional frequencies are revealed in Fig. 2b. Moreover, higher mode shows
higher variation in band gap as compared to lower mode. The propagation length decreases with increasing
frequency, which means higher frequencies correspond to shorter propagation distances due to increased losses
or confinement in the medium. Figure 3a shows the plasma frequency dependence of characteristics curves on
the normalized propagation constant as the function of operating frequency. The plasma frequency is directly
proportional to the square root of the electron number density present in plasma medium, meaning that a
higher electron density will result in a higher plasma frequency. As plasma frequency grows red shift occurs
and normalized propagation constant enlarge for both modes as reported in*®. Furthermore, at lower plasma
frequencies (w p), waves propagate with lower normalized constants. As plasma frequency increases (w ), the
waves can propagate faster, potentially implying tighter confinement of energy or better wave-guiding efficiency.
Figure 3b analyzes the impact of plasma frequency on propagation length. As plasma frequency magnitude
increases, band gap starts squeezing and characteristics curves move towards low frequency region for both
modes. Additionally, lower mode shows unphysical at higher incident frequencies. It is concluded that physical
parameters of isotropic plasma (collisional frequency and plasma frequency) are crucial features to tune the
traits of electromagnetic surface waves in the fabrication of nanophotonic devices. Their careful manipulation
enables the optimization of device performance, leading to advancements in various fields, including
telecommunications, photonics, and quantum technologies. The dependance of core width on the normalized
propagation constant is depicted in 4a. Core width increases from d = 60 x 107%m to d = 70 x 10~ %m.
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Fig. 2. Influence of collisional frequency on normalized propagation constant and propagation length.
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Fig. 3. Influence of plasma frequency on normalized propagation constant and propagation length.

As cut-off frequency decreases normalized propagation constant increases for both modes. It is also observed
that as core width increases the band gap becomes narrow, and characteristics curves are shifted towards low
frequency regions. Additionally, with the enhancement of core width, the normalized propagation constant also
increases for both modes*®, leading to higher phase velocity and reduced modal dispersion. The influence of
core width on propagation length is presented in Fig. 4b. Higher core width values decreases incident frequency
and decreases band gap leading to the lower propagation length for both modes*®. Furthermore, the variation
in characteristic curve is smaller for smaller values of core width for both modes. To analyze the influence of
chirality on the normalized propagation constant is depicted in Fig. 5a. As chirality increases, frequency band
becomes broadened for both modes and cut-off frequency remains same for both modes. Furthermore, higher
chirality values lead to higher normalized propagation constant for both modes*®**!. Integrating chirality into
photonic circuits provides new opportunities for on-chip light manipulation and signal processing. Frequency
dependent propagation length under three different values of chirality is presented in Fig. 5b. One can observe
that when chirality increases from & = 1.1 to £ = 1.18 frequency band drastically reduces. Obviously, as
chirality grows the band gap of both modes becomes narrow. Furthermore, increase in chirality, downshift the
propagation length.

Casell € > €,
To analyze this case, we have selected parameters values for uniaxial chiral medium as: p, = p , = p,
€t = 1.46e ¢ and €. = —1.1€ . The variations in propagation mode for normalized propagation constant
and propagation length under the different values of collisional frequencies are investigated in Fig. 6a and b
respectively. In Fig. 6a as magnitude of collisional frequency increases, the cut-off frequency of both modes
increases while normalized propagation constant decreases for both modes. The cut-off frequency effect is a
significant limitation that affects the performance and operational range of nanophotonic devices. By employing
appropriate collisional frequency selection, the cut-off effect can be mitigated, allowing for the development of
more versatile and efficient nanophotonic devices. The variation in propagation length for different collisional
frequencies is depicted 6b. It is observed that propagation length is increased with increasing collisional
frequency. Furthermore, higher collisional frequency shift characteristics curve higher incident wave frequency
region. Additionally, frequency band starts squeezing for higher collisional frequencies for both modes. It is
concluded that frequency band for both modes can be tuned by tuning the collisional frequency of plasma
medium. By carefully selecting the appropriate frequency band, researchers and engineers can optimize the
performance of nanophotonic devices, enabling advancements in the waveguide community. Figure 7a shows
the variations of normalized propagation constant along with the EM wave frequency and plasma frequency. We
can see that normalized propagation constant increases with decreasing EM wave frequency for both modes.
Additionally, higher plasma frequency values lead to lower cut-off frequency for higher mode. Because when
the plasma frequency is high, the charged particles are already oscillating at a significant rate. As a result, the
external electromagnetic wave is unable to exert a strong influence on the charged particles, consequently cut-off
frequency decreases.

Furthermore, in plasma physics research, understanding the relationship between plasma frequency and
cut-off frequency is crucial for designing and studying plasma-based devices such as waveguides, resonators,
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Fig. 4. Influence of core width on normalized propagation constant and propagation length.
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Fig. 5. Influence of chirality on normalized propagation constant and propagation length.

and filters. By controlling the plasma frequency, researchers can manipulate the cut-off frequency and tailor the
performance nanophotonic devices according to their specific requirements. Figure 7b presents the influence
of plasma frequency on propagation length. As seen from the presented characteristics curves, both modes
are strongly influenced by plasma frequency. Numerical investigations showed that higher plasma frequencies
will shift the characteristics curves of both modes in low frequency regions. Furthermore, lower mode exhibits
smaller variation in frequency band gap as compared to higher mode. Figure 8a analyzes the effect of core
width on normalized propagation constant. It is observed that for proposed waveguide structure; by increasing
core width the cut-off frequency of both modes starts decreasing. By considering Fig. 8a it can be noted that as
the core width increases, the normalized propagation constant also increases as reported in*>*3, allowing for
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a faster rate of wave propagation within the waveguide. Furthermore, higher mode exhibits higher variation
in frequency band as compared to lower mode. Tailoring core width of a proposed waveguide has a profound
impact on the phase velocity and field confinement of EM waves. These effects make it highly promising for
sensing applications, offering opportunities for improved sensitivity, selectivity, and performance in various
fields including biosensing, optical communication, and photonics. Figure 8b shows the influence of propagation
length for three different values of core width. We can see that higher mode becomes more significant compared
to lower mode. We also notice that lower core width values for both modes enlarge propagation length and
characteristics curves shifted towards high frequency region. Figure 9a and b show the frequency dependent
on normalized propagation constant and propagation length respectively. Considering Fig. 9a, higher and
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lower mode can be effectively tuned by adjusting the magnitude of chirality. As chirality increases, normalized
propagation constant decreases as reported in*?. This phenomenon has potential applications in the fabrication
of chiral-based MHz devices. These devices offer unique electromagnetic properties and can be utilized in
various fields, including communication, radar, and antenna technology. Figure 9b exhibits the influence of
chirality on the propagation length. As chirality increases frequency band becomes narrow, and characteristics
curves are shifted from low frequency to high frequency region for both modes.
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Conclusion
Electromagnetic surface wave propagated in plasma loaded uniaxial chiral waveguide and following conclusions
are drawn:

1.

Numerical results showed that plasma features and chirality play a crucial role in tuning the electromagnetic
waves for the proposed waveguide structure.

2. Two types of uniaxial chiral media are discussed to explore EM traits of proposed waveguide structure.

3. It is concluded that normalized propagation constant and propagation length can be tuned by adjusting
plasma features and uniaxial chiral parameters.

4. Case I support high frequency as compared to case II.

5. Higher normalized propagation constant could be achieved at higher values of plasma frequencies and core
width for both cases. By exploiting the changes in the plasma frequency in the presence of analytes, nano-
photonic sensors can achieve highly sensitive detection of chemical and biological species.

6. Higher normalized propagation constant could be achieved at lower values of collisional frequencies for both
cases.

7. Higher normalized propagation constant is achieved at higher values of chirality for case I and vice versa for
case II.

8. The proposed waveguide structure can be used in communication, radar, and other systems within various
MHz bands.
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