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Band Gap Filtering Device Applications under
Transverse Magnetization Configuration
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Abstract

The article comprehensively explores the dispersion characteristics exhibited by TE modes within
one-dimensional magnetized ferrite photonic crystals, particularly under the influence of transverse
magnetization. We employed the rigorous transfer matrix method, a powerful tool for theoretical
investigation, calculation, and behavior analysis of such intricate systems. Our research delves into
the structural parameters that govern the behavior of these ferrite photonic crystals, explicitly
focusing on the incident parallel wave vector (B) and the filling factor (f) while also considering the
impact of an external magnetic field. This multifaceted analysis reveals intriguing insights into the
behavior of electromagnetic waves within these unique crystal structures. One of the key findings of
our study is the profound influence of the filling factor (f) and the incident wave vector () on the
emergence and properties of photonic band gaps (PBGs). Notably, as we increased both the filling
factor (f) and the incident wave vector () while keeping the length of the period constant, we
observed a significant effect on the allowed and forbidden band gaps. These band gaps shifted
towards the higher wavelength region, illustrating the dynamic nature of these crystals in response to
varying parameters. When [ is equal to or greater than 3, no band is allowed, and the entire band
appears to become a gap. This intriguing behavior suggests the potential utility of these structures as
tunable and switchable band gap filtering devices with promising applications in various fields. Our
comprehensive study sheds light on the intricate dispersion characteristics of TE modes within
magnetized ferrite photonic crystals, offering valuable insights into their behavior under transverse
magnetization. This research contributes to the fundamental understanding of these materials and
opens doors to innovative applications in
photonics band gap research application.
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INTRODUCTION

A lot of research has been done on magneto-
optical photonic crystals (MOPhCs) because of
their ~ peculiar  magneto-optical  properties.
MOPhCs (Magneto-Optical Photonic Crystals)
structures have demonstrated significant potential
in various technical fields [1-2]. They have been
applied in integrated devices, cavity-enhanced
Faraday rotation [3,4], non-reciprocal super-
prisms [5,6], ultra-compact isolators [7,8], highly-
directive miniature antenna arrays, and non-
reciprocal propagation [9,10]. This composite
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periodic structure’s electromagnetic (EM) responses are externally adjustable, and the parameters of
the EM wave dispersion are affected by the external field. These MOPhCs have a geometry of media,
including periodic arrangements of metal, dielectric, semiconductor, and other layers. Ferrite-based
photonic crystals, sometimes called ferrite photonic crystals (FPhCs), waveguides, and transmission
lines, are a current widespread issue in photonic research because of their unique properties.

In the study conducted by Z. Yu et al. [11], one-dimensional (1-D) Magneto-Optical Photonic
Crystals (MOPNCs) were utilized to showcase one-way total reflections. These structures incorporated
ferrites as one of the constituent layers within their unit cells. Recently, a ferrite-based circulator with
independent polarisation was disclosed [12], according to A. M. Grishin et al. [13], considerable
Faraday rotation and acceptable transmittance from the visible to infrared have been optimised for
garnet-based MOPhCs. J.-X. Liu et al. [14] investigated the FPhCs' filtering capabilities.

The modelling and experimental validation of K. Bi et al.'s [15] work on the tunability of ferrite-
dielectric metamaterials' dielectric properties. F. Fan et al. showed the existence of a magnetically
tunable circulator in the terahertz frequency range [16]. V. I|. Fesenko et al.'s [17] in-depth
investigation of single-mode operation control in a spherical waveguide loaded with ferrites.

N. Dib et al. [18] employed magnetised ferrite material to mimic the propagation properties of
cylindrical gearbox lines using the finite-difference time-domain approach and spectral-domain
analysis. The dispersion characteristics of electromagnetic (EM) waves in magnetised 1-D FPhCs
structures have recently been studied by Sharma and Prasad [19-20] for transverse electric (TE) and
transverse magnetic (TM) modes in a variety of field settings, including longitudinal and transverse
magnetization. The authors demonstrated that the EM waves' phase index and dispersion properties
can be influenced by incident angle, filling factor, and external magnetic fields. These 1-D FPhCs
structures exhibit dielectric properties in addition to magnetization. Ferrites in the sub-layer of a
single cell of 1-D FPhCs structures are magnetised in these composite structures irrespective of the
transverse or longitudinal orientations. It could be fascinating to look into such structures' EM wave
dispersion properties.

THEORETICAL FORMULATIONS

Let's assume that the unit cell of a 1D magnetised FPhCs, as depicted in Figure 1, comprises
alternating layers of YIG and NI ferrite material. We employed and with the staking period for the
ferrite layer depth of YIG and NI, respectively. The EM wave moves in the x-z plane. The wave
electric field in TE mode is orthogonal to the plane of propagation (pointing in the y-direction). The
structure under study is predicted to be hit by an EM wave at an angle relative to the normal layer
interface. Compared to the normstandarder interfaces, the incoming electromagnetic wave is at an
angle. In the transverse magnetization setup, it is assumed that the externally supplied magnetic fields
Ho1 and Ho; are orthogonal to the plane of incidence.

After applying a magnetic field, the permeability of ferrite materials changes into a tensor quantity.
A description of the transverse magnetization arrangement is given by Pozar et al. [21] for the
permeability of ferrite materials:

Hr 0 JHg
pe=| 0 g O 1)

—Jjue 0 py

The components of ferrite permeability are as follows:
L _ Ym® (2)

T (wo-jaw)2-w?
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Here w, is the resonance frequency & the damping constant (), a circular frequency (w,,y. The
following are Maxwell time-dependent equations:

oH
VXE = —popr - 4)
VXH= eosfg—f 5)

External magnetic field @ +ive Y direction

>

d=(dv|G+dN|)

YIG NI
Figure 1. 1D magnetised FPhCs structure's unit cell schematic.

The magnetic and electric fields' constituent parts are listed as E = (0, E,y, 0)e/®t and H =

(H,, 0, H,)e/*tin the TE mode. The Maxwell curl equations' electric and magnetic field components
are stated as follows:

a_y = j(‘)/lo [.uer + j/lkHz] (6)
J0E , ,

6_33/ =Jwho [_/'ter + ]#ka] (7)
0H, O0H, _ .

o ar - J@teErky ©)

Eliminating the variables Hy & H, from (2.6 & 2.7), we can find E, satisfies the equation as
mentioned below.

0%Ey | 0%E, _ Hy 0H, OH, OH,

oxz + 622 = Jwio [‘ur [ 0z ] +J [62 B ” (9)
0%Ey dH,
oxoz — J@Ho [“T ax -+ i ax] (10)
0%Ey . 0H, | . OHy
azox  J@Ho [ Hr 5, TIHk 62] (11)

2 2
0%Ey _ 0%Ey
'0xdz  0zdx

From

Using equations (2.9, 2.10 & 2.11), we have a final wave equation as:
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92E,,
dx2 9z2

+k,°E, =0 (12)

where k; = (w/c)\/(ef/ur) X [(1r-2) + (jux)?] and gfis the ferrite layer’s permittivity.

The YIG and NI ferrites layers make up the two sub-layers that make up each unit cell of 1D
magnetised FPhCs. The solutions to wave equation (2.11) at interface | of the sublayer containing
YIG are as follows:

E, = (Epe Jkvicz + E_elkvicz) x el (@t=kyicxX) (13)

H, = (A;fE+e_jkYIGz 4+ A;fE_ejkYIGz) x el (@t=kyjcxX) (14)

Here, kyig, = (w/c) X J[(anIGZ) — (B)?]& kyiax = (/) X B, B = kyiex/(w/c)
Az = 1/ wpo) X (=(ryickvicz + jtivickvica))/ ((rvic®) + Grieric)?)
Azp = 1/ wio) X ((Uryickyics = Jikyickyvica))/((ryic®) + Gtteyie)?) & Neyig =
e/ mic) % [Grvia?) + Giari)?)

The forward and backward amplitude (Aj;f & Ayr) moving waves in the YIG sub-layer are
represented here by (Ajgf & Al ). The equation (2.13) can be decomposed into tangential components

of electric and magnetic fields at interface I:

y|at1interface =E; = (E,e /vicz2)  E_eJkyigz2)) x gf(@t=kyigxX) (15)

E

ily T1y

E

Similarly magnetic field (equation (2.15)) at interface I:
Hlat rinterface = Hy = (AzpEpe (016D 4+ A3 E_etlvics®) x el (@imhvica) (16)

U1 Hrly

The incident reflected/transmitted components of the electric and magnetic fields can also be used
to decompose the electric and magnetic field at boundary 1.

The E & B fields interfaces | and Il are described in terms of incident, reflected, and transmitted
waves as follows:

E; = By, + By, = Ee,, + Ep,, (17)
H, =H; +H, =H, +Hn,,_ (18)
En = Ei,, + By, = B¢, + Ep,, (19)
Hy = H;, +H, =H, +H., (20)

At boundary I, we have the incident, reflected, and transmitted electric and magnetic fields denoted
by (Eily,Hilx),(Erly,Hrlx) , (Etly,Htlx), Er,zy and Hy, s respectively. The electric and magnetic
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field componentsk;.,, and H,,, represent the reflection of fields from boundary Il to boundary I. At

boundary IlI, we have the incident, reflected, and transmitted electric field components,
Ei,, Er, &E,, as well as the incident, reflected, and transmitted magnetic field
componentsH;, , H,, andH;, . Furthermore, Er,3y and H,,, represent the reflection of the wave field
from boundary Il (not shown in Figure 2) to boundary Il. To ensure the smooth transition between
boundary | and boundary II, certain continuity conditions must be met by the electric and magnetic
field components E, and Hy, as presented below:

]

HI) (A;f AZf) By
= 21
( E 1 1 /\Em,, (21)
(H” ) — (A;f Axr ) Eiy 22)
Ey 1 1 Erzy

/-~
m
NS
< <
~—
Il

(e —Jjkyiczdyic 0 ) Et1y 23)
0 elkyiczayic ET'zy

E,
H,
' 7}
E;
s
d H;‘
YIG 2
x B,
z H,
M \ 4
E.
1'3
H.
l'3

Figure 2. The YIG layer's sub-layer's wave electric and magnetic field components.

After calculation by using the above equations, we derived the following equation:

HI) Hy,

gy () s
(EI 1 EII ( )

The elements of M, for YIG layer are:
. 2
cos(kyigzdyic) — (W) x sin(kyiczdyic) _L<1 + (MLEWGX) ) X sin(kyigzdyic)
M, = HryicKyiGz M1 Uryickyicz (25)
. . ( ky16x) .
—jn1 X sin(kycdyic) cos(kyigzdyic) — (%) x sin(kyic;dyic)
TYIG z

Similarly, for NI ferrite layer:
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KNIx j knix 2 .
cos(kyizdny) — <—((Mkmkm ;) X sin(ky;,dyr) _L<1 + (—ﬂkmkm ) ) X sin(ky;dy;)
M2 — ”TNI NIz N2 H'TNI NIz (26)
. . (© kNnix) .
—jnz X sin(ky,dyr) cos(ky;,dyig) — (7(#1(1\”,{1\” ) x sin(ky;zdyr)
TNI NIZ)

Here ky; = ((U/C)\/(ffm/#rm) X [(eni®) + GugnD?1 s kyiz = (@/c) X J[(nfwlz) - (3)2] )

kyixy = (@/c)X B, 1= (®Xpyp) X \/(.urYIGZ + G X tryic)?)/ Weyic X kyigz) M2 =
(@ X 1o)X/ (rnr® + G X taenn)?)/ (bent X Kniz) and Neyp =

\/(ef,\,,/yr,\,,) X [(rnr?) + Guenr)?] - M=M:1M; is used to calculate the transfer matrix for the unit

cell. M1, M1z, M21, and My, are the last elements we obtain after multiplying M; and M. So,
Hy\ _mmy1 myp\ (Hy
(EI) B (m21 m22) (E[[) (27)

Using the transfer matrix elements in equation (2.27) the dispersion relation for the 1-D magnetised
FPhCs is provided as follows:

K= (1/d) X cos™1(0.5 X (mq; + my3)) (28)

where K is Bloch wave number.

RESULTS AND DISCUSSION

This article examined the effects of external magnetic fields, the filling factor and normalized
parallel wave vector (#)on the band structure and phase index of the 1D magnetised FPhCs. We
employed YIG (Yttrium iron garnet) layer and (Nickel Ferrite) NI layer thicknesses in this study
as ayye = flo/4ny and by; = (2 —f)Ay/4n, . Here f is the filling factor, A, =
Qrc/Wmyic) » OWmyic = 2T fmyic: fmyic = (2.8 X 10° X Mgy,). Other important parameters studied
are resonance frequency corresponding to YIG and NI ferrite layers. The evaluated values for external
magnetic field (Ho: & Hoz) are tabulated in Table 1.

Table 1. External magnetic field values studied:

Woyg Wonr Gyro-magnetic ratio ¥
2T foyic 21 fonr 2.8 MHzOe
forig = (2.8 X 10° x Hy,) fony = (2.8 X 10° X Hy,)

The circular frequencyw,, (= 2myM,) with saturation magnetization Ms and normalized parallel
incident wave vector, f = kq,/(w/c) (Table 2).

Table 2. Dielectric constants, Damping constants and saturation magnetization were studied:

Name Dielectric constants (¢) | Damping constants ( ¢ ) | Saturation magnetization
(M)

YIG 15.0 2x107* M_y;c = 1780 Oe

NI ferrites 9.0 g8x10™* M_y; = 500 Qe

The resonance frequencies corresponding to the photonic crystals layer under study (YIG and NI)
in transverse magnetization configuration [22] is computed. The expressions used are w?,, =
woyic (Woyig + Wmy,,) and w?gy = woni(Wons + wm,,) YIG and NI layer respectively. We consider
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the values of external magnetic fields (HO1 = 46 Oe and HO2 = 155 Oe) for YIG and NI ferrites here
Oe represents Oersted. Pozar et al. [21] (2004) reported that the trans-tech numbers assigned to YIG
ferrite and NI ferrite are G-113 and TT2-113, respectively. All computations maintain constant

saturation magnetization, damping constants, and dielectric constant values.

Variation of frequency and () at filling factor (f)

If we increase the filling factor from f = 0.1, 0.5 & 1, keeping length of the period constant at the
above of saturation magnetization for ferrite (YIG) = 46 Oe and ferrite Nickel (NI) = 155 Oe we
observed that allowed and forbidden band gap appears and shift towards higher Wavelength region.
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Fig. 3(a) Variation of frequency (nm) | Fig. 3(b) Variation of frequency (nm) & £ | Fig. 3(c) Variation of frequency (nm) & §
& Bat f~0.1 at f=0.5 at =1

At the value for g = 3 and above, no band is allowed and appears complete band gap. As shown
below, Figs. 3(a), 3(b) & 3(c) at f=0.1, 0.5 & 1.
Analysis of Frequency and Filling Factor Variation

If we increase the incident angle g = 1.1, 1.5 & 2.5, at the above of saturation magnetization for
ferrite YIG=46 Oe and ferrite NI=155 Oe then we observed that allowed and forbidden band gap

appears and shift towards higher Wavelength region.

= ||I||||I|g.

=
=

wlm)
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Fig. 4(c) Variation of  with filling factor

IM
Fig. 4(a) Variation of @ with filling factor | Fig. 4(b) Variation of « with filling factor
at f=1.1 at f=1.5 at f=1.1

At the value of =3 and above, no band is allowed and appears completely band gap. As shown

below, figs. 4(a), 4(b) & 4(c)at f=1.1,1.5 & 2.5.
CONCLUSIONS
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This research paper comprehensively explores the intriguing dispersion behaviour and phase index
characteristics exhibited by magnetised 1D FPhCs. Employing a meticulous transfer matrix approach,
we conduct a thorough analysis to unravel the intricate interplay of various factors, including the
filling factor (f) and external magnetic fields, on the dispersion properties of these fascinating
structures. We have examined the impact of different parameters on the dispersion properties of
magnetised 1D FPhCs. Specifically, shedding light on the profound influence of the f and external
magnetic fields on the behaviour of PBGs, regions in the electromagnetic spectrum where specific
frequencies are forbidden from propagating within the crystal structure.

Our findings reveal a captivating relationship between the angular frequency (w) and the incident
parallel wave vector () at a consistent filling factor. We have uncovered that, as the value of £
increases, the photonic band gaps exhibit a remarkable expansion in their width. This phenomenon
underscores the intricate interplay between the incident wave vector and the propagation
characteristics within the magnetised 1D FPhCs.Furthermore, we studied frequency variation
concerning the f while keeping the incident wave vector g constant. Within this context, we make a
fascinating observation — the photonic band gaps manifest as distinct lobes. These lobes, indicative of
specific frequency ranges, provide valuable insights into the behaviour of light propagation within the
intricate lattice structure of the FPhCs.

Notably, our investigations also unveil a compelling correlation between the order of PBGs and the
number of lobes observed in the frequency variation with the filling factor. As the order of PBGs
increases, a proportional rise in the number of lobes is evident. This intriguing relationship highlights
the intricate and systematic dispersion behaviour within the magnetised 1D FPhCs.

Our research delves deeply into magnetised one-dimensional ferrite photonic crystals' dispersion
characteristics and phase index behaviour. We meticulously analyse the effects of filling factor and
external magnetic fields and uncover intricate relationships between angular frequency, incident wave
vectors, and the emergence of photonic band gaps as lobes. Our findings contribute to a nuanced
understanding of the behaviour of light within these unique crystal structures, opening avenues for
further exploration and potential applications in photonics and electromagnetic wave manipulation.
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