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In the present research work, we employed the transfer matrix method (TMM) in addition to MATLAB
software to examine the transmission properties of various organic-based one-dimensional (1D)
magnetic cold-plasma photonic crystals (MCPPhCs). The proposed structures were found to be made
up of periodic layers of organic materials and magnetic cold-plasma (MCP) at normal incidence. An
external magnetic field (B) polarized in right-hand (RH) and left-hand (LH) configurations was applied on
1D MCPPNhCs. In this study, four organic materials, namely pentane, hexane, heptane, and octane, were
chosen to design four 1D photonic crystals (PCs), named as PC; (pentane-MCP), PC, (hexane-MCP), PCs
(heptane-MCP), and PC, (octane-MCP). Our results indicated that the central frequency of the resonant
peaks of unit transmission inside the photonic band-gap (PBG) of the respective organic PCs could be
tuned towards the higher or lower frequency side by applying B polarized in RH and LH configurations,
respectively. We also studied the effect of the period number N to produce closely spaced N-1
transmission channels of unit transmission inside the PBG of all four organic PCs. By increasing the
period number N we could increase the number of transmission channels inside the PBG as per our
desire. These multiple resonant peaks of unit transmission inside PBG could be easily modulated inside
the PBG to accommodate new frequencies by applying B polarized in either RH or LH configurations,

respectively. Moreover, our results showed that under the RH configuration, increasing B resulted in
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Accepted 3rd April 2022 a shifting of the resonant peak towards the higher frequency side with a reduction in its full width half

maximum (FWHM), whereas the findings were the opposite in the case of increasing B under the LH
DOI: 10.1039/d2ra01755e configuration. These findings may be beneficial for designing externally tuneable organic chemical

rsc.li/rsc-advances sensors in the microwave frequency region.

1. Introduction (PBG), which controls the propagation of EMWs passing

through them. PBG indicates the frequency region in which
The one-dimensional (1D) photonic structure has received great EMW propagation is forbidden through the structure due to the
attention compared to two-dimensional (2D) and three- destructive interference from EMWs reflected from the interface
dimensional (3D) photonic crystals (PCs) due to their special of the constituent material layers. The disturbance in the peri-
characteristics, such as ease of manufacture, low cost, and odicity of conventional PCs may result in a sharp defect mode of
simple architecture.’ The foremost beauty of such structuresis  unit transmission inside PBG due to photon confinement,
their special ability to exhibit unique optical, mechanical, and ~which opens a new horizon in the field of photonic biosensing
electrical properties when interacting with electromagnetic —and engineering.® The position and intensity of the defect mode
waves (EMWs) due to the existence of a photonic band-gap in addition to the width of PBG are highly influenced by varying

the structural parameters, such as the thickness of the
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Recently, researchers have shown keen interest in developing
PC-based devices composed of gyroidal, metamaterial, super-
conductor, liquid crystal, metal, nanocomposite materials, etc. for
a variety of potential applications, such as omnidirectional
mirrors, all-optical switches, high-sensitivity biosensors, PBG
waveguides, and tuneable filters."* Hojo and Mase (2004) sug-
gested a new type of PC composed of plasma. They called this PC
a plasma photonic crystal (PPC). They found a tuneable PBG in
the microwave frequency region that could be tuned by changing
the plasma parameters, like the plasma density, collision
frequency, and electron density.'* In order to make the PBG
characteristic of a PPC externally tuneable, nowadays magnetic
cold-plasma has attracted lot of interest due to the external
magnetic field-dependent behaviour of the electric permittivity of
magnetic cold-plasma (MCP). In the presence of an external
magnetic field (B) polarized in right-hand (RH) and left-hand (LH)
configurations, the gyro-effective frequency of MCP exhibits
positive and negative values, respectively.”® Apart from the
external magnetic field polarized in the RH and LH configura-
tions, the refractive index of MCP can also be effectively managed
by other plasma parameters, like the collision frequency and
electron density.** The aforementioned properties of MCP mate-
rials make them suitable for designing externally tuneable PCs in
the microwave frequency region contrary to conventional PCs.
The first conceptual realization of a 1D PC composed of an MCP
material was also given by Hojo and his coworkers." In that work,
they examined the tuneable PBG properties of a 1D PC consisting
of an MCP material. The captivating optical characteristics of PCs
consisting of an MCP material have become a central aspect of
the current plasma photonic research. Zaky et al. proposed
a novel way to detect the refractive index of various bio-analytes
with the help of a 1D PC composed of periodic layers of MCP
material in the presence of a B polarized in RH and LH config-
urations.'® Awasthi et al. investigated the tuneable multichannel
filtering application of 1D magnetic cold-plasma PCs by exam-
ining the transmission and reflection properties in the presence
of an external magnetic field polarized in both RH and LH
configurations in the microwave frequency region."” Arafa et al.
studied the tuneable properties of a 1D PC with an MCP defect
layer." Nevertheless, a large number of research studies based on
1D PCs based on MCP materials have been carried out to inves-
tigate magnetic field-governed multichannel filtering applica-
tions in the microwave region, but still the biosensing and
organic material sensing applications of 1D PCs composed of
MCP materials have not yet been explored.

The present research work highlights the tuneable multi-
channel filtering properties of 1D PCs consisting of organic
materials and MCP and has certain uniqueness. Nowadays,
organic compounds are considered to be one of the most
essential chemicals that are widely used in our daily life, such as
chemical industries, food industry, medical research, and
biochemistry. The undesirable direct release of chemical waste
from such industries may pollute our water reservoirs and poses
a major threat to our environment.' Moreover the presence of
organic compounds in the human body may cause several
incurable diseases in the human body. Thus, it is essential to
develop conventional as well as unconventional techniques for
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the detection of compounds in a timely manner to save our
society and environment from the adverse effects of organic
compounds. At present, there are a several ways extending from
chemical gas sensors to terahertz (THz) spectroscopy to detect
these compounds, such as quartz crystal microbalance, the
electronic nose, and solvent response materials. The present
study deals with the multichannel filtering applications of 1D
PCs composed of organic materials and MCP in the presence of
an external magnetic field polarized in RH and LH configura-
tions. This idea may further be used for the development of
organic-material-detection technology based on PCs due to the
excellent sensing capabilities of photonic structures.”*

In this study, we examined the tuneable multichannel
properties of four 1D PCs composed of four different organic
materials, namely pentane, hexane, heptane, and octane, along
with MCP material separately in the presence of B polarized in
RH and LH configurations. The effect of the period number N
on the multichannel filtering property in the presence B polar-
ized in RH and LH configurations was also examined to increase
the number of resonant peaks inside the PBG of all four 1D PCs
containing different organic materials. The proposed photonic
structures could be easily realized with the help of existing
fabrication technologies. The architecture of the proposed work
is described in Section 2, which also deals with the theoretical
modelling and formulation of the design. The results and
discussion of the work are discussed in Section 3. Finally,
Section 4 presents the conclusions.

2. Theoretical modelling and
formulation

In this section, we describe the theoretical formation pertaining
to the proposed design. We considered 1D PCs (AB)" composed
of different organic materials and MCP. Here, the letters A and
B represent the organic and MCP materials used in the design,
respectively. The period number of the proposed design is
represented by N. The entire structures were kept in the air. The
thickness, permittivity, and permeability of the j™ layers of 1D
PC (AB)" are represented as dj, ¢, and y; respectively. Here, j = A,
B is used for layers A and B of the design (Fig. 1).

The transfer matrix formulation was used to investigate the
transmission properties of the proposed 1D PCs based on the
organic materials pentane, hexane, heptane, and octane. The
total transfer matrix representing the entire structure takes the

form of:**#
my m al

M= T2 p D.PD|P 1

My My 0 = (RN ] s ( )

where the subscripts 0 and S are used for the incident and exit

media just behind the structure, respectively, and the notations

P; and D; represent the propagation and dynamic matrixes of jh
layer of thickness d; of the structure, as defined in eqn (2) and

(3), respectively.
—iki,d;
e iz 0
Pi= ( 0 eikadj> (2)
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Here, the z component of the wave number k under normal
incidence is given as k;,=(w/c)n;, where n;, w, and c represent the
refractive index, wave frequency, and speed of the wave in free
space inside the j layer, respectively. According to eqn (1), the
dynamic matrix of layer j under normal incidence is defined as:

11
Dj=<nj _nj) €)

The transmission coefficient ¢ of the 1D PC (AB)" at normal
incidence is given by ¢ = 1/my4, where my; is given in eqn (1).
The transmittance T of a 1D MCPPhC can be computed with the
help of the relation given in eqn (4) below.

1 cos b ! 2’

). (@)

" ng cos b

Now, let us describe the refractive index of the organic and
magnetized cold-plasma materials used in this work. As
mentioned earlier, in this study, we considered four different
organic materials, namely pentane, hexane, heptane, and
octane, to design the materials PC1 to PC4. The frequency-
dependent refractive indices of these organic materials are
given by ref. 19 as:
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In addition, the frequency and magnetic field-dependent
refractive index of MCP is given by nycp = (emcp(w))?, where
emcp represents frequency-dependent complex permittivity of
MCP. It is defined as:"*"”

2

w
emcp(w) =1 — %. 9)
2(1] = jLly e
A7)

where the symbols w, wpe, wi. and y are used to point out the
angular, plasma, gyro, and effective collision frequencies of
a magnetic cold-plasma material, respectively. The symbol + in
eqn (9) represents the external magnetic field polarized in the
RH and LH configurations respectively. The wp. and wi
frequencies can be calculated with the help of eqn (10) and (11),
respectively, as:
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Wpe = 10

o= o (10)
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W = ; (11)

where n., e, and m are the electron density, charge, and mass of
electron, respectively.

3. Numerical results and discussion

We examined the transmission characteristics of our proposed
1D MCPPhC (AB)" consisting of periodic layers of organic and
magnetic cold-plasma materials with the help of TMM and
MATLAB software. The thicknesses of layers A (organic mate-
rial) and B (magnetized cold-plasma) of the proposed structure
were selected as d; = 14 mm and d, = 10 mm, respectively. The
numerical values of the different parameters of magnetic cold-
plasma were chosen as y = 2 x 107 Hz, mo = 9.31 x 10" kg,
and 7. = 8 x 10" m™* to carry out the simulations in this work.

In the first part of this study, we investigated the behaviour
of the permittivity function of magnetic cold-plasma dependent
on the frequency, which was varied from 2.5 GHz to 7.0 GHz in
the presence of an external magnetic field under right-hand and
left-hand polarization configurations. Fig. 2 shows the
frequency-dependent behaviour of the real and imaginary parts
of the permittivity function of magnetic cold-plasma in the
presence of B polarized in both RH and LH configurations.
Fig. 2(a) and (b) show the behaviour of the real and imaginary
parts of the permittivity function of magnetic cold-plasma
dependent on the frequency in the presence of B under the
RH configuration. For this purpose, we varied the value of B as
0T, 0.03T, 0.05T, and 0.07T under the RH configuration. It can
be observed from Fig. 2(a) that as B changed between 0T to
0.07T, the real part of the frequency-dependent permittivity
function of the plasma layer Re(e,) became more negative.
Thus, the magnetic cold-plasma layer could be used as tuneable
epsilon negative material, which is the class of a single negative
medium in the frequency range 2.5 GHz to 7.0 GHz. This
tunability was prominent towards lower frequency but became
stagnant towards the higher frequency side as B changed from
0T to 0.07T under the RH configuration. On the other hand, the
frequency-dependent behaviour of the imaginary part of the
permittivity function of plasma Imag(ep,) under the influence of
B = 0T, 0.03T, 0.05T, and 0.07T in the RH configuration is
plotted in Fig. 2(b), and shows that the increase in B also
increased the loss associated with the magnetic cold-plasma
layer. These losses were prominent towards the lower
frequency side but became negligible towards the higher side of
the frequency region, which varied from 2.5 GHz to 7.0 GHz
under the influence of B in the RH configuration. The
frequency-dependent behaviour of Re(e,) and Imag(e,) under
the influence of B in the LH configuration was also examined in
this study, as shown in Fig. 2(c) and (d), respectively. Fig. 2(c)
and (d) show that the increase in B from 0T to 0.07T under the
LH configuration not only increased the negative value of Re(e},)
of the magnetic cold-plasma but also lowered the value of
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Fig.1 Architecture of the proposed 1D PCs (AB)" composed of organic materials and magnetic cold-plasma under normal incidence. Here, the
letters A and B are used to represent the periodic layers of organic and MCP materials, respectively. The layers A and B of thicknesses d; and d, are
depicted by green and yellow colours, respectively. The grey layer shows the substrate material, which was air in our case.

Imag(e,), which was a measure of the losses associated with the
magnetic cold-plasma. This behaviour was prominent towards
the lower frequency side but almost stagnant towards the high
frequency side. Thus, the magnetic field-dependent behaviour
of Re(ep) and Imag(e,) of magnetic cold-plasma was opposite in
nature under RH and LH configurations, but in both

[=——B =0T, = — B=0.03T, rsseeee B = 0.05T, ===B = 0.07T|

(a)RHP

25 3 35 4 4.5 5 5.5 6 6.5 7
Frequency in GHz

Re(c,)

. " N N N " "
25 3 3.5 4 45 5 5.5 6 6.5 7
Frequency in GHz

configurations, the plasma behaved as a tuneable dispersive
epsilon negative media in the GHz frequency region, which is in
the class of a single negative medium. In the present work, we
used this externally tuneable property of the magnetic cold-
plasma layer to study the multichannel tuneable filter
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Fig. 2 Real and imaginary parts of the frequency-dependent permittivity function of MCP in the presence of B = 0T, 0.03T, 0.05T, and 0.07T
under a RH configuration (a) and (b) and under a LH configuration (c) and (d), respectively.
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properties of 1D PCs composed of alternate layers of organic
material and magnetic cold-plasma.

Next, we investigated the transmission properties of four
different 1D MCPPhCs composed of pentane, heptane, hexane,
and octane, as well as magnetic cold-plasma layers to form PCy,
PC,, PC;, and PC,, respectively. The period number of each PC
was fixed to N = 2. The transmission spectrum of each PC was
simulated between the frequency range 3.5 GHz to 5 GHz, as
shown in Fig. 3(a) and (b), corresponding to B = 0.03T in the RH
and LH configurations, respectively. Fig. 3(a) shows four reso-
nant peaks in the transmission spectra of the 1D PCs PC, to PC,
under B = 0.03T in the RH configuration. It could be observed
that the position of the resonant peaks inside the PBG was
different for the PCs composed of different organic materials
due to their different frequency-dependent responses of the
permittivity function, as discussed in eqn (5)—(8). For example,
the transmission spectrum of 1D MCPPhC composed of the
organic material hexane showed a resonant peak represented by
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w === octane -
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Fig. 3 Transmission response of the proposed 1D MCPPhCs under
normal incidence of period number N = 2. The blue, purple, red, and
green coloured dashed—-dotted lines represent the transmission
response of the 1D MCPPhCs composed of the organic materials
pentane, hexane, heptane, and octane, respectively, in the presence of
B = 0.03T polarized in (a) RH and (b) LH configurations.
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a dashed-dotted magenta line in Fig. 3(a). This resonant peak
appeared around 4.5 GHz, while the position of the resonant
peak was red-shifted for MCPPhC composed of the organic
material octane. The transmission spectra of all four organic
PCs as discussed above were also investigated at B = 0.03T
under the LH configuration. The results are plotted in Fig. 3(b)
below. It can be observed that at B = 0.03T under the LH
configuration case, the position of the resonant peaks associ-
ated with the different organic PCs moved towards the lower
frequency side and also their FWHM increased in comparison
with the results under the RH configuration. It should also be
noted that, in both cases, the energy associated with all the
peaks was 100%, as evident from Fig. 3(a) and (b). The
maximum transmittance of the resonant peaks was indepen-
dent of the nature of the organic layer as well as B under both
the RH and LH configurations. Thus, the main difference
between the behaviour of the different organic PCs in the
presence of B polarized in RH and LH cases was that in the LH
case, the resonant peaks not only appeared at the lower
frequency side but also became wider in contrast to the findings
under the RH case. Thus, the external magnetic field polarized
in RH and LH configurations can be used to tune the position of
the resonant peak associated with the 1D PCs composed of
different organic materials to either the higher or lower
frequency side, respectively, and thus can overcome the diffi-
culties associated with the angle dependent tuning of resonant
peaks as discussed in ref. 13.

Further, we examined the transmittance response of the
proposed 1D MCPPhC composed of pentane in the presence of
B varying from B = 0T to 0.07T and polarized in RH and LH
configurations, as shown in Fig. 4(a) and (b), respectively, for
a fixed value of N = 2. Fig. 4(a) shows that as B increased from 0T
to 0.07T under the RH configuration, the resonant peak started
to move towards the higher side of frequency inside the PBG
and also its FWHM was reduced significantly. Additionally,
when changing the B for 0T to 0.07T under the LH configura-
tion, the resonant peak associated with the 1D MCPPhC
composed of pentane started to move towards the lower
frequency side and also its FWHM increased, as shown in
Fig. 4(b). Thus, the application of B polarized in RH and LH
configurations can be used to tune the position of the resonant
peak inside the PBG at B = OT to either higher and lower
frequency sides by changing B polarized in RH and LH config-
urations, respectively. Besides this, the FWHM of the defect
mode can also be increased or decreased in order to improve the
performance of the design suitable for organic material-based
sensing applications. Further, we investigated the effect of
changing the period number N from 2 to 3, 4, 5, and 6 of the
photonic structure composed of the organic material pentane at
a fixed value of B = 0.02T under the RH configuration on the
transmission properties of the MCPPhC. The results are shown
just below, and in Fig. 4(a) corresponding to N =2, 3, 4, 5, and 6.
It could be observed that at N = 2, there existed only one
resonant peak of 100% transmission inside the PBG extending
from 2.5 GHz to 7.0 GHz located between the frequency range
3.8 GHz to 5.2 GHz. At N = 3, there existed two resonant peaks of
unit transmission, which were centred at either side of the
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Fig. 4 Effect of the external magnetic field (a and b) and the number of lattice constants (c and d) on the position and number of resonance
peaks for both right- and left-hand polarizations plasma layer and when the organic layer is pentane.

resonant peak corresponding to N = 2 between the frequency
range of 3.8 GHz to 5.2 GHz. The same observation could be
drawn corresponding to N = 4 to N = 6. Thus we can conclude
that there were N-1 resonant peaks of unit transmission for
a given N between the frequency range of 3.8 GHz to 5.2 GHz.
Moreover the central frequency of each resonant peak inside the
PBG extending from 2.5 GHz to 7.0 GHz was different for N = 2
to N = 7. For MCPPhC having even values of N, there existed an
odd number of resonant peaks, whereas for MCPPhCs with an
odd number of N there existed an even number of resonant
peaks of different central frequencies. Thus the number of
resonant peaks could be increased by increasing the period
number N of the structure. The application of B = 0.02T
polarized in the LH configuration resulted in a slight shifting of
the resonant peaks towards the lower frequency side, as shown
in the figures drawn for N = 2 to N = 7 just below Fig. 4(b). This
movement was pronounced for the peaks near to 2.5 GHz,
whereas the peaks close to 7.0 GHz were almost stagnant. The
other findings were similar to the RH configuration. The FWHM
of the resonant peaks dependent upon N either decreased or
increased depending on the RH or LH configuration of B.
Next, we investigated the similar findings of 1D MCPPhC
composed of hexane and heptane under the influence of B
polarized in RH and LH configurations. The period number N of
both 1D MCPPhCs composed of hexane and heptane was fixed

14854 | RSC Adv, 2022, 12, 14849-14857

at 2. The transmission spectra of the 1D MCPPhCs composed of
the organic materials hexane and heptane in the presence of B,
which varied from 0T to 0.07T, under RH and LH configurations
are shown in Fig. 5 and 6, respectively. The findings of Fig. 5 and
6 are similar to the findings of Fig. 4 as discussed above, only
with a difference in that the resonance peak appeared slightly at
the higher and lower frequency sides corresponding to MCPPhC
composed of hexane and heptane, respectively. The other
findings were similar to the case of pentane as discussed above.

Finally, let us estimate the left and right tuning of the reso-
nant peaks inside the PBG of 1D MCPPhC composed of the
organic material octane. Fig. 7(a) and (b) show the transmission
spectra of 1D MCPPhC of N = 2 in the presence of different
values of B = 0T to B = 0.07T polarized in RH and LH config-
urations, respectively. In the case of the RH configuration, the
results showed that by increasing B from 0T to 0.07T, the
resonant peak became narrower and was shifted to the higher
frequency side. However, in the LH configuration, the scenario
was entirely different, and the resonant peak was shifted
towards the lower frequency side. All the findings are similar to
the findings as discussed above.

Thus our findings of the proposed 1D MCPPhCs composed
of different organic materials showed how the resonant peaks of
unit transmission inside the PBG could be tuned either to the
higher or lower frequency side by applying B polarized either in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Effect of the external magnetic field (a and b) and the number of lattice constants (c and d) on the position and number of resonance peaks
for both right- and left-hand polarizations plasma layer and when the organic layer is hexane.

a RH or LH configuration. We also studied how N-1 discrete
transmission channels of 100%¢ transmission could be ob-
tained for a given N. These N-1 discrete transmission channels
of unit transmission inside the PBG were due to the superpo-
sition between the forward decaying and backward decaying
evanescent waves, which appeared because MCP does not allow
the propagation of incident EMWs of frequencies less than wp..
These non-propagating incident waves through the MCP
generated evanescent waves, which were responsible for the
appearance of N-1 transmission channels of 100% trans-
mission. The reason behind the appearance of multiple trans-
mission channels of different central frequencies dependent
upon N and B polarized in RH and LH configurations can also
be understood by referring to the work of Awasthi in ref. 24. It is
important to note that the external magnetic field-dependent
shifting features of the resonance peaks was independent of
the type of organic materials used to design the particular

© 2022 The Author(s). Published by the Royal Society of Chemistry

MCPPhC. It is worth noting that the red- and blue-shifting of
the resonant peaks inside the PBG as a function of B was in
agreement with our previous study, where the impact of the
external magnetic field on the defect mode position inside the
PBG 1D MCPPhC composed of magnetized cold-plasma and
a doped semiconductor was studied.?* The B-dependent tuning
of the central frequency of the resonant peaks can be illustrated
by the Bragg condition under normal incidence as 24 = n4,
where / is the lattice constant, and 7 is the effective refractive
index of the structure. Thus it can be easily understood with the
help of Bragg's condition that under the RH configuration as B
increased, the refractive index of the magnetic cold-plasma
material also increased, leading to the movement of the reso-
nant peaks towards the higher frequency side. Moreover under
the LH configuration, the increase in B resulted in a decrease in
the refractive index of the magnetic cold-plasma layer, which

RSC Adv, 2022, 12, 14849-14857 | 14855
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resulted in a shifting of the resonant peaks towards the lower
frequency side.

4. Conclusion

In this research work, we theoretically examined the trans-
mission properties of four different 1D PCs composed of four
different organic materials (pentane, hexane, heptane, and
octane) and magnetic cold-plasma at normal incidence in the
presence of B polarized in RH and LH configurations. The
simulation results were obtained with the help of TMM and
MATLAB software. This study deals with the dependence of the
resonant peaks on the period number N and the external
magnetic field B polarized in both RH and LH configurations.
To the best of our knowledge, such type of research work based
on 1D MCPPhC composed of organic materials and magnetic
cold-plasma has not been previously reported. Our numerical
calculations showed that the resonance peak of unit trans-
mission inside the PBG can be tuned either to the higher or
lower frequency side by changing the external magnetic field
polarized in RH and LH configurations, respectively. In addi-
tion, it was observed that in the case of the right-hand polarized
plasma layer, the resonance peak became narrower as the
strength of the external magnetic field increased. However, an
opposite trend was observed in the case of the left-hand polar-
ized case. Finally, it is worth noting that there existed N-1
number of resonant peaks associated with each 1D MCPPhC for
a given period number N. The proposed photonic structures
composed of organic materials can be used as a tuneable
multichannel narrow filter in the microwave frequency ranges.
This may also be beneficial for designing externally tuneable
organic material chemical sensors.
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