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Abstract

In this study, electromagnetic wave propagation frequencies are investigated in four different photonic crystal structures, three of which
are tripartite and one of which is bipartite. In addition, the effects of part lengths and material property parameters (g, x) of these
structures on electromagnetic wave frequencies are examined. The photonic crystal structures are one-dimensional (1D) and the parts
of these structures have different lengths. Differences in the part lengths allow the electromagnetic wave frequencies to be adjusted. The
material property parameters of each part of the photonic crystal structures change in the x-axis direction and the default values of these
parameters theoretically change from 1 to 2. The values for the first three modes of electromagnetic wave frequencies obtained for four
different photonic crystal structures are different from each other. The lowest values of the electromagnetic wave frequencies are
obtained for the first photonic crystal structure (S1) with the shortest first and second part lengths.

Keywords: Electromagnetic wave, Frequency analysis, Maxwell’s equations, Photonic crystals.

Ayarlanabilir Parca Uzunluklarina Sahip 3-Parcah Fotonik
Kristallerde Elektromanyetik Dalgalarin Frekans Analizi

Oz

Bu ¢alismada, ticli 3-pargal1 ve biri 2-par¢ali olmak tizere dort farkli fotonik kristal yapida elektromanyetik dalga yayilimi frekanslari
incelenmektedir. Ayrica, bu yapilarin parg¢a uzunluklarinin ve malzeme 6zelligi parametrelerinin (e, 1) elektromanyetik dalga frekanslari
tizerindeki etkileri arastirilmaktadir. Fotonik kristal yapilar tek boyutlu (1D) olup bu yapilara ait pargalar farkli uzunluklara sahiptir.
Parca uzunluklarindaki farkliliklar elektromanyetik dalga frekanslarinin ayarlanabilmesine olanak saglamaktadir. Fotonik kristal
yapilarin her bir par¢asinin malzeme 6zelligi parametreleri x-ekseni dogrultusunda ve bu parametrelerin varsayilan degerleri teorik
olarak 1'den 2'ye dogru deger alacak bicimde degismektedir. Dort farkli fotonik kristal yapi igin elde edilen elektromanyetik dalga
frekanslarinin ilk ii¢ moduna iligkin degerler birbirinden farklidir. Elektromanyetik dalga frekanslarinin en diisiikk degerleri, en kisa
birinci ve ikinci par¢a uzunluguna sahip birinci fotonik kristal yap: (S1) i¢in elde edilmektedir.

Anahtar Kelimeler: Elektromanyetik dalga, Frekans analizi, Maxwell denklemleri, Fotonik kristaller.
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1. Introduction

Due to the fast technological advances in optoelectronics,
optics, and telecommunications, studies on optical structures have
gained momentum (Barrientos-Garcia et al., 2016; Li et al., 2016;
Hanetal., 2021; Kaburcuk and Elsherbeni, 2021). There are many
studies in the literature on optical structures, such as
metamaterials and photonic crystals (Sung et al., 2011; Alipour-
Banaei et al., 2017; Chen et al., 2017; Zhang et al., 2018;
Benhaddad et al., 2019; Napolskii et al., 2020; Shi et al., 2020;
Singer et al., 2020). Phononic structures affected by sound waves
also show structurally similar properties to photonic crystals
among optical structures (Lu et al., 2017; Sun et al., 2019; Ayman
et al.,, 2020; Rostami et al., 2020; Trzaskowska et al., 2020;
Rostami et al., 2021).

Photonic crystals are formed artificially by arranging layers
with different material property parameters (g, 1) end-to-end or
side by side along certain axes (Busch et al., 2007; Ginn and
Brener, 2012; Moitra et al., 2014). In order to analyze the
behaviors of electromagnetic wave propagation in photonic
structures, each layer's electromagnetic wave propagation
behavior in the periodic layer group forming the structures should
be considered separately. In the literature, there are many studies
that theoretically examine the electromagnetic wave propagation
behavior occurring in each layer of one-dimensional photonic
structures (Delihacioglu, 2014; Kaya and Delihacioglu, 2014;
Kang et al., 2018; Hassan et al., 2019; Dukata and Waldemar,
2020), as well as experimental studies in which these structures
are manufactured using various production methods (Chung et al.,
2010; Askari et al., 2020; Gao et al., 2020; Bi et al., 2021; Wei et
al., 2021).

Many studies in the literature guide the solution of the partial
differential equation regarding the electromagnetic wave
propagation obtained by using Maxwell's equations to determine
the behavior of electromagnetic wave propagation in optical
structures (Qi et al., 2010; Shramkova and Olkhovskiy, 2011;
Khanikaev et al., 2012; Jahani and Jacob, 2016; Lee et al., 2017,
Meng et al., 2019; Wang et al., 2019; Basmaci, 2020; Kaburcuk
et al., 2020; Sener and Eker, 2020). For instance, in (Basmaci,
2020), wave dispersion relations regarding electromagnetic wave
propagation in each layer in photonic waveguides consisting of
four different layers, and transmission rates and energies of
electromagnetic waves for each layer are examined.

In this study, electromagnetic wave propagation frequencies
in four different, one-dimensional (1D) photonic crystal
structures, three of which are tripartite and one of which are
bipartite, are investigated. Besides, the effects of the photonic
crystal structures' part lengths on electromagnetic wave
frequencies are examined. The photonic crystals are classified
into six different groups according to their parts' material property
parameters (g, ). In these groups, the default material property
parameter value for each part changes from 1 to 2 theoretically.
Electromagnetic wave frequencies are obtained by considering
tripartite and bipartite photonic crystals as a whole by using
Maxwell's equations. Unlike other studies in the literature, this
study allows the electromagnetic wave frequencies to be adjusted
by adjusting the part lengths of tripartite and bipartite photonic
crystal structures.
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2. Theoretical Analysis

The second-order linear partial differential equation
regarding electromagnetic wave propagation in a one-
dimensional (1D) photonic crystal is obtained by using Maxwell's
equations.

Figure 1 illustrates a one-dimensional homogeneous photonic
crystal.

5

Figure 1. 1D photonic crystal structure

In order to obtain the equation of electromagnetic wave
propagation in the photonic crystals, Maxwell’s equations are
used as in the following forms (Pozar, 2012):

V-E=2 (la)
V-H=0 (1b)
VX E =—iwuH (1c)
Vx H=—iweE (1d)

where p is the charge density, € is the permittivity, u is the
permeability, E is the electrical field, H is the magnetic field, i is
the imaginary number (i:v/—1 and, w is the frequency of the
electromagnetic wave.

Using Equation (I¢) and Equation (1d), the 1D
electromagnetic wave propagation equation is obtained as
follows:

92H(x,t)

e 92H(x,t) _
0x2 H ot2

=0 @)

where H(x,t) and (ue) represent the magnetic field and
material property parameter, respectively. The material property
parameter (u¢) can be briefly defined as a.

In order to solve Equation (2), H(x,t) = w(x)e it
transformation is used. Using this transformation, Equation (3) is

obtained as follows:

2w(x)
9x2

+ psw?*w(x) =0 3)

where w(x) represents electromagnetic wave.

Figure 2 depicts a photonic crystal structure consisting of
three different optical parts. As can be seen from the figure, both
the x1 and x2 lengths of the structure and the material property
parameters (o)) of each part can be adjusted. The material property
parameter of Part I is defined by o, and the material property
parameters of Part II and Part III are defined by (aff) and (afy),
respectively. In order to obtain electromagnetic wave (EMW)
frequencies for the tripartite photonic crystal structure seen in
Figure 2, Equation 3 needs to be solved separately for three
different parts of the structure.
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Figure 2. Tripartite, 1D photonic crystal structure

The boundary conditions required to solve Equation 3 are as
follows:

w=0,forx=0andx =1L (4a)
wl(x) = w2(x)and % = %,for x=x1 (4b)

ow2(x) _ dw3(x) _
o = o forx=x2 (4¢)

w2(x) = w3(x)and

where wl(x), w2(x), and w3(x) represent electromagnetic

waves belonging to Part I, Part II, and Part III in the photonic

crystal structure, respectively. Accordingly, the nontrivial solution

obtained when Equation 3 is solved according to the boundary
conditions is as follows:

A1l A21 A31 O

B11 B21 B31 0 || _
0 (€21 (€31 c41|| 0 ®)
0 D21 D31 D41

where All and B11 are the coefficients expressing the left
side of Part I; A21, A31, B21, and B31 are the coefficients
expressing the left side of Part II. C21, C31, D21, and D31 are
coefficients expressing the left side of Part I1I, while C41 and D41
are coefficients expressing the right side of Part III. The
coefficients can be clearly written as in the following forms:

A11 = isin(awx1) (6a)
A21 = —isin(afwx1) (6b)
A31 = —cos(afwxl) (6¢)
B11 = i acos(awx1) (6d)
B21 = —iaficos(afwxl) (6e)
B31 = iaf sin( afwx1) (6f)
C21 = isin(afwx2) (6g)
C31 = cos(afwx2) (6h)

C41 = —isin(afywx1) + i tan(afywl) cos(afywx2)

(6i)

D21 = iaf cos(afwx2) (6))

D31 = —afsin(afwx2) (6k)
D41 = —i aBycos(afywx2) —

i afytan(aBywl) sin(afywx2) (61)

It should be noted that the coefficients given in Equations (6a-
61) can be adjusted using the part lengths x1 and x2 of the photonic
crystal structure.

3. Results and Discussion

In this study, electromagnetic wave propagation frequencies
are investigated in four different photonic crystal structures, three
of which are 3-part and one of which is 2-part. These photonic
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crystal structures are named based on their x1 and x2 lengths. The
first structure, named S1 is x1:0.1L and x2:0.2L length, the second
structure, named S2 is x1:0.333L and x2:0.333L length, the third
structure, named S3 is x1:0.8L and x2:0.9L length, respectively.
The fourth structure named S4, consists of two equal-length parts.

These photonic crystal structures will be examined in six
different groups defined according to material property
parameters. The material property parameters of these six
different groups are given in order (a,f,y). Accordingly, the
material property parameters of the first group (Group 1), the
second group (Group 2), the third group (Group 3), the fourth
group (Group 4), the fifth group (Group 5), and the sixth group
(Group 6) are defined as (1,1,1), (1,2,1), (1,1,2), (1, 1.5,1.3),
(1,1.3,1.5) and (2,1,1), respectively. The material property
parameters of these six groups are also shown in Table 1.

Table 1. The material property parameters of the 1D tripartite
photonic crystal for six different groups

Groups Part I Part I1 Part 111
1 1 1 1
2 1 2 2
3 1 1 2
4 1 1.5 2
5 1 13 2
6 2 2 2

The electromagnetic wave frequencies of the four photonic
crystal structures named S1, S2, S3, and S4, whose material
property parameters are given in Table 1, are shown in Figures 3-
6.
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Figure 3. EMW frequencies of S1 for six different groups
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Figure 4. EMW frequencies of S2 for six different groups
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Figure 5. EMW frequencies of S3 for six different groups
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Figure 6. EMW frequencies of S4 for six different groups

It should be noted that the highest frequencies of
electromagnetic waves are obtained for the values of material
parameters given in Group 1, while the lowest frequencies are
obtained for the material parameters’ values given in Group 6. In
addition, the highest electromagnetic wave frequency values are
obtained for the photonic crystal structure named S4 consisting of
two equal-length parts, while the lowest electromagnetic wave
frequency values are obtained for the photonic crystal structure
named S1 whose part lengths are 0.1L and 0.2L, respectively.

4. Conclusion

In this study, electromagnetic wave propagation frequencies
are investigated in four different photonic crystal structures, three
of which are 3-part and one of which is 2-part. In addition, the
effects of part lengths and material property parameters (g, u) of
these structures on electromagnetic wave frequencies are
investigated. Unlike other studies in the literature, this study
allows tuning of electromagnetic wave frequencies by adjusting
the part lengths of tripartite and bipartite photonic crystal
structures. The material property parameters of each part of the
photonic crystal structures change in the x-axis direction and the
default values of these parameters theoretically change from 1 to
2. It should be noted that the highest EMW frequency values are
obtained for the photonic crystal structure named S4, which
consists of two pieces of equal length, and the lowest EMW
frequency values are obtained for the photonic crystal structure
named S1 with part lengths of 0.1L and 0.2L. Moreover, the
highest frequency values of electromagnetic waves are obtained
for the values of material parameters given in Group 1, while the
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lowest frequency values are obtained for the material parameters'
values given in Group 6.

In future studies, the analysis applied to one-dimensional
photonic crystal structures within the scope of this study can also
be applied to two-dimensional and three-dimensional photonic
crystal structures.
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