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The Absorption Properties of One-Dimensional Spherical
Photonic Crystals Based on Magnetized Ferrite Materials

Tian-Qi Zhu, You-Ming Liu, Jia-Tao Zhang, and Hai-Feng Zhang*

Based on a spherical coordinate system and Maxwell’s set of equations, the
calculation formulas of one-dimensional (1-D) magnetized ferrite spherical
photonic crystals (MFSPCs) are obtained and treated with the solution
method of the spherical Bessel equations. Combined with the conventional
transmission matrix method, expressions for the absorptance, reflectance,
and transmittance of the 1-D MFSPCs are given. 1-D MFSPCs consisting of
the general dielectric and Yttrium iron garnet (YIG) are also designed to verify
the correctness of the conclusions. Variables such as external magnetic field,
incidence angle, initial radius, and YIG thickness effects on the features of

The one-dimensional (1-D) PCs have
the advantage of the simple periodic di-
electric multilayer structure and simple
fabrication, which occupy an important
position in theoretical research. For the 1-
D PCs, wave propagation properties can
be analyzed and studied by acquainted
with the transmission matrix method
(TMM).[' Based on the excellent prop-
erties of the 1-D PCs, scholars at home
and abroad have conducted highly in-

such 1-D MFSPCs are also discussed. The transformation of the external
magnetic field has a linear relationship with the position of the absorption
band (AB). The three variables of incidence angle, initial radius, and YIG
thickness have a substantial influence on the width and position of the AB,
which can be adjusted according to the actual demand and are of high
application significance. The results of this study can be helpful for the design

of multifunctional absorbers and radome.

1. Introduction

The problems of electromagnetic wave propagation in the dielec-
tric layered structures have been a hot topic of research. Since
the introduction of the concept of photonic crystals (PCs) in two
seminal works by Yablonovitch and John,!*] PCs have become
a research focus in the field of optics and electromagnetism. In
1989, Yablonovitch and Gmitter experimentally confirmed the
existence of three-dimensional photonic energy band structures
for the first time, further advancing the theoretical study of PCs.
The unique optical properties of PCs have inspired scholars in
the fields of photonics,! electronics,*! and materials physics.l’!
Based on their advantages of low propagation loss and reduced
ohmic loss, PCs are important in waveguides,!®”] sensors,!®l and
absorbers.]
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tensive research on them. At present,
in addition to ordinary 1-D planar pho-
tonic crystals (PPCs), researchers also
pay much attention to the relevant prop-
erties of the 1-D cylindrical photonic crys-
tals (CPCs).[''"1*] Extensive studies on the
transmission properties of the 1-D CPCs
using TMM.[5-18] The importance of the
1-D CPCs is increasing with the growing
use of optical fibers!!* and optoelectronic
components.!??] With the research and
development of the 1-D CPCs, the field of spherical photonic
crystals (SPCs) has also attracted the attention of numerous
scholars. In 2016, Wendel and his team studied the unfold-
ing of vector spherical waves in electromagnetic fields and ob-
tained a complete set of radially independent amplitudes of vec-
tor spherical wave functions.!] This study lays the foundation
for the theoretical investigation of SPCs. The SPCs are impor-
tant in optical displays,??! millimeter wave communication,?!
nanomaterials,?*! and other fields. Since the 1-D SPCs are use-
ful for broader physical applications compared with 1-D PPCs or
1-D CPCs, they have received widespread attention from schol-
ars in the world, but the theoretical studies of their transmis-
sion characteristics are scarce. Under the magneto-optical ef-
fect, the 1-D magnetized ferrite spherical photonic crystals (MF-
SPCs) possess good magnetic tunability and excellent anisotropy,
which have a promising future in the fabrication of multifunc-
tional magnetically tunable absorbers,[?*! optical circulators,2¢]
and filters.””] Mehdian et al. investigated the magneto-optical
properties and Faraday rotation effect of plasma-ferrite compos-
ite magneto-metamaterials and analyzed the variation pattern of
the effective negative refractive index poles.[?®] The magnitude of
the negative effective refractive index pole varies with frequency,
external magnetic field, and electron density of the plasma layer.
The properties of ferrite materials have great potential for the de-
velopment of waveguide circulators(? and the design of tunable
devices.?%l However, there are few studies on the 1-D SPCs that
take full advantage of the superior magneto-optical properties of
ferrite materials.
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Figure 1. The model diagrams of the 1-D MFSPCs with periodic arrange-
ment of the general dielectric and the YIG.

In this paper, based on the peculiarity that ferrite materials are
anisotropic, the TMM is employed for the first time to derive the
expressions for the transport properties of 1-D SPCs under the
TE and TM polarization conditions. the 1-D MFSPCs are peri-
odic structures consisting of a general dielectric and YIG. The
effects of incidence angle, external magnetic field, initial radius,
and YIG thickness on the absorption properties of the 1-D MF-
SPCs are investigated, which are important guidelines for the de-
sign of multipurpose absorbers and antenna protection. Further-
more, this paper only focuses on the theoretical study of the 1-D
MESPCs, and the specific implementation is still under study.

2. Simulation Model and Formulation

The structure of the 1-D MFSPCs is depicted in Figure 1.
The given 1-D MFSPCs are made of the general dielectric (E)
and the YIG (F) periodically arranged as (EF)N, where N rep-
resents the number of periods. The initial radius r, is de-
fined as 10 mm, the thickness of the general dielectric P d, is
0.05 mm, and the thickness of F dj is 2 mm. The effective re-
fractive index of the general dielectric P is n, = 4, and the ef-
fective magnetic permeability of F will be described in detail
below.

Due to the special geometric properties of the sphere, inspired
by the idea of the micro-element method and the definition of the
incidence angle under the CPCs,["*! the incidence angle, TE and
TM waves are defined by taking the profile of the spherical wave
and 1-D MFSPCs parallel to the wave propagation direction, as

spherical

waves

www.ann-phys.org

shown in Figure 2. For this plane, the electric field E is perpen-
dicular to the plane, the magnetic field H is parallel to the plane,
and the wave vector k indicates the propagation direction. And
after considering the relationship between r, 6, and ¥ with the
plane, define the electric field E in the TE wave as E = (0, E,, 0)
and the magnetic field H as H = (H,, 0, H,). By analogy, for the
TM modes, the electric field E takes the form of E = (E,, 0, E,)
and the magnetic field H takes the form of H = (0, H,, 0).

Based on the above description for TE and TM waves, the inci-
dence angle can be defined. Since both spherical waves and 1-
D MFSPCs are spherical objects, they cannot be described by
the conventional way of determining the angle of incidence by
planes. It is straightforward to associate that when dealing with
curved surfaces, we often use tangents to stipulate the angles.
Combining the above factors, it is chosen to utilize the cross sec-
tion where the spherical wave and 1-D MFSPCs intersect to de-
fine the angle of incidence y. The intersection of the cross-section
of the spherical wave and the 1-D MFSPCs is taken as the ver-
tex of the angle, and the tangents of the spherical wave cross-
section and the 1-D MFSPCs cross-section out of the intersection
are made respectively. The angle made by the two tangents is the
angle of incidence.

In the presence of a high-frequency magnetic field, the spin
electron magnetic moment does not necessarily move in phase
with the external magnetic field. In this case, the internal mag-
netization strength M of any ferromagnetic material is not neces-
sarily parallel or in-phase with the applied magnetic field H. The
total magnetic field strength can be expressed as[332:

B=pu,H+M 1)

In the meantime, M can be expressed in terms of H. Therefore,
Equation (1) can be rewritten as:
B=u H 2
Therefore, u,,, can be obtained by establishing the conversion

relation between B and H. In the Cartesian coordinate system,
x, y and z are satisfied x X y = z. However, in the spherical

Figure 2. The main view and diagrammatic figure of 1-D MFSPCs with the incidence angle, electromagnetic direction and magnetic field direction

indicated in detail.
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coordinate system, r, § and y are fulfilled r X 8 = y, so the form
of u,, in the spherical coordinate system can be acquired by the
form of the YIG permeability tensor expression under transverse
magnetization in the Cartesian coordinate system. Due to the
different forms of the decomposition of M in r, § and v, B, and
H present the following relationship.

Br = MrHr +.jﬂngo (33)
By = uyH, (3b)
B, = —jm H, + wH, (3¢)

Thus the expression for p,, of YIG in the spherical coordinate
system is obtained as:

Hy 0 l/'lk
M =10 Hy O 4)
=i 0y,

@, (0 — inw
gy =14 0= o) (5a)
(wy — inw)” — »?

®,,®

He = (5b)

(@, — inw)* — @?

Here, w, = 2xf, is the «circular frequency with
S = 2.8 X 10° x M,, where M, is the saturation magnetiza-
tion equal to 1780 Oe. w, = 2xf, is the resonance frequency
with fy = 2.8 X 10° x H,, for which H, is the external magnetic
field and w, is associated with H,. In addition, n = 0.002 is
the damping constant and the dielectric constant of the ferrite
material €, = 15.13%

The effective permeability and effective refractive index of the
YIG in the TE waves can be written as p ¢ = [ + (is,)’1/ u, and

Mg = \/ [€,(1,2 + (im)*)]/ 1, severally. Due to the ferrite mate-
rial is not susceptible to the TM waves, the effective permeability
and effective refractive index of the YIG in the TM waves can be
formulated as y, and npy = /e, -y, separately.*’!

The time-dependent Maxwell’s equations can be expressed in
the following form:

0H
V X E = —pgpu, 2= 6
X HoHm ot ( )
0E
H=ee, 2
V X £ofm 5, (7)

Considering the TE waves, the electric and magnetic fields are
protrayed as:

E=(0,E,0)e™" (8)
H=(H,0,H,)e™" 9)
The studied spherical waves are simple harmonics, and the

field quantities all vary with time at a certain angular frequency
according to the sinusoidal law, so the wave components in the
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three directions can be expressed in complex form, and the use of
complex arithmetic law can reduce the time order and eliminate
the time factor. The influence of time on the electric and mag-
netic field components can be disregarded in the derivation of
the formula, which facilitates mathematical calculation. Consid-
ering the propagation of the diverging or converging spherical
waves, the derivative with respect to w can be omitted. Substi-
tuting the above equation into Maxwell’s system of equations to
expand, the following equation is obtained.

1 d . i
T i (7F) = oo (. H, +incH,) 1o
179 , .
TER S g
1 J0H, 0 . ;
rsin @ [ a(pr T or (rsin 0H¢)] = iwegen By (12)
Then get,
Okl iopgr [rSiHG op (rEy) Hor \ 9)] )
1 1 .0 Hy 0
H o= : = (rE,) + - (7E 14
k- iopgr [lﬂkar (rEo) rsing dg (r 9)] 9

Then substitute Equations (13) and (14) into Equation (11) and
bond the above results to obtain the equation expression of E, as
follows:

10 (,0E 1 0’E,
_—— e — + —_—
ror or r2sin’0 0’

Worthy of mention is that, considering the field generated by
TE polarization, the wave vector k in Equation (15) is shown as
W/€0Em HoHegs * COS ¥, Where y indicates the incident angles of the
surfaces.

Define E,(x) = V(x)¥(gp), where x = kr. It is toilless to be con-
vinced of that the angular part of E, meets the following equation:

+KE, =0 (15)

A g
I +mlp=0 (16)

Taking full advantage of the properties of the differential equa-
tion can yield ¥ ~ €™, for which m can be positive integers, zero
and negative integers.

Let

m? =1(l+ 1) sin’0 (17)

Concatenating Equations (15), (16), and (17), the equation on
V(x) can be adapted to a standard spherical Bessel equation.

xz—(l+—)2] V(x)=0 (18)

© 2022 Wiley-VCH GmbH
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V(x) can be indicated by a linear combination of solutions of
the standard spherical Bessel equation.
V (%) = Aj () + Bn, (x) (19)

where j(x) and n;(x) are semi-odd order Bessel functions, which
are composite functions of power and trigonometric functions.
In the case with spherical waves, the specific expressions of j(x)
and n(x) are shown below:

=/ %]H% (x)
m () =1/ 5-Nuy ()

For simplicity, U(x) is represented as:

(20)

) p—

U(x)=-
() iop,t 0x iop,r

oV (x)
Substitute Equation (19) into Equation (21)
Ulx) = —-—— [AJ1

+ By (x) + xAJl (x) + xBn/ (x)] (22)

Here, j;’ (x) and n/ (x) are the first order derivatives of the semi-
odd Bessel functions, and the corresponding equations are writ-

ten as:
’ 1 _3
0= Er -3 A w
2 . (23)
W=\ [EN 1 -1y B

To correlate the 1-D SPCs at different radii, the TMM is put into
V(x)

use. We define a set of vectors (U x))and make it possible to link

them with vectors at other radii by calculating the homologous
transmission matrix. Presume that the initial radius is ryand x,, =

kr,

(i) =w (00)) = Genae) (6l2) e

www.ann-phys.org

This matrix equation has the capability to connect two non-
zero magnetic fields at two different radial positions r, and r. Tak-
ing special values for V(x) and U(x) is a decent way to earn the
elements of the transmission matrix M.

For the purpose of further predigesting the calculation, first we
assume that:

(25)

Therefore, coalescing the knowledge of matrix calculation, it
can be overtly obtained the detailed expression ofM;; and M,;,.

My, =V (x) = Aji (x) + Bny (x) (20)

M, =Ulx) = [AJ1

+ B, (x) + xAj,’ (x) + xBn,/ (x)]
La)y r

(27)

The special values of V(x) and U(x) to determine the expres-
sions for A and B. Substituting Equations (19) and (22) into Equa-
tion (25), the following results can be gotten:

V(%)) = Aji (%) + Bny (%) = 1

U (%) = Aji (%) + By (x5) + %A1 (%) +%,Bm' (x,) = 0 (28)

The values of A and B are as follows:

A= ' . 7 |:”1’ (xo) + M (xo):|
h (xo) n', (xo) -m (xo)]l (xo) | (xo) )
_ 1 i
. m (%) 1" (%) = 11 (%) i (%) [Jl () + %y ]

Consequently, the constant terms of M;;andM,, in the trans-
mission matrix M are solved and Equations (26) and (27) are
rewritten as:

ny (x)

X ] * m (%) 31" (%) = 1y (%0) Ji (%) [Jl () + X,

my (x)

3 Ji (%) o (x m (xo)
M = J (xo) w (xo) -m (xO)jl, ("0) [ 1 ( 0) ’

_ 1 i () () 4 M)
Ma 10y { (xo) ', (x, ( ) - (xo)jl’ (xo) [ ! ( 0) * X

xj,’ (%) m (%

] + [Jl +j1 (XO)]
m (%) " (%o) = 11 (%) i ( o (31)

xmy’ (x)

Gy )~ G G | )
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Then, V(x)and U(x)are assigned the values to:

V(x)) =0
u (x(;) =1 .
Cushy to get:
My, = V (x) = Gji (x) + Dy (x) (33)
My, = U(x) = ‘ﬁ [Cji (%) + Dny (x) + xCji’ (x) + xDn;/ (x)|
(34)

Similar to the solving for A and B, substituting Equations (19)
and (22) to Equation (32).

V () = Cji (%) + Dy (x9) =0

U(x) = _iw}lo”o [le (xo) + Dny (xo) + %, Cji/ (o) + %o Dny’ (xo)] =1
(35)
The values of C and D are indicated below:
1 iou
P S— [—Tonl (xo)]
m (xo)Jl (xo) —ny (xo)Jl (xo) (36)

g T (%) 1 (%) 1”1 () " (%) [_iw%jl (xo)]

www.ann-phys.org

The values of C and D are then brought into Equations (33)
and (34) to calculate M;,and M,, in the transmission matrix.

— Ji (%) —%n .
My, = m (xo)jl, (xo) —-n (xo)jl (xo) [ [ ( 0)]
n (x) _ia)ﬂ, N
+j1 (%0) 11 (%0) = 1 (%) " (%) [ ! ( 0)] (37)
-1 Ji (%) _%n .
M, = iwpyr { m (xo)jl' (9{02 - (xo)jl (xo), [ E ! ( 0)]
n (x Ry .
+j1 (xo) n, (xo) - (xo)jl, (xo) % )l ( )]
X’ (x) —%n .
+n1 (%) (%) _(y)’,l (0) Ji (%) [ kY ( 0)]
xmy (x _iwﬂ, .
+j1 (x%0) 71 (%) = m (%) i (%) [ P ( 0)] }

(38)

At this point, the transmission matrix of the 1-D SPCs is de-
rived, and when the electromagnetic wave propagates the 1-D
SPCs, the input and output magnetic fields can be contacted by
the total transmission matrix of the structure. If the TM polar-
ization is performed, the elements of the transmission matrix
M, = (m11 mu) take a similar form as Equations (30), (31), (37)

My My,
and (38) by simply replacing —u with e. m,;, m,;, m,, and m,,
are written as:

_ Ji (%) o () 4 (%) 1 (x) 0 Ji (%)
D o R g [ Bo) + = ]+ Gl (o) s () () [ﬁ b+ ] .
oo L ji ) TR (xo)] m () [ ) (xo)]
= oo o [ S| e B 0
xj)" (x) |: , m (xo)] + xny (x) [,( )+j1 (xo)]}
) —m e e 1 T | T e =i P
_ Ji(x) ia)_en X m (x) ia)_e.1 N
= T3 ) = s G () [ )] + 5 AT [ )
m =L Ji (%) @n X my (x) ia)_e.l X
27 wer {”1 (x0) " (%) = 1y (%) Jy (%) [ % 1(%) +j1 (x%0) 71 (%) = m (%) i (%) [ P ( )] “
5 () o o () o,
o o) = ) ) [ )] + 5 AT [ ) }
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Figure 3. The schematic diagram of spherical wave propagation at pos-
itive incidence, where the surface interface is intentionally drawn as a
straight line for ease of illustration.

However, for wave propagation, it is convenient to represent
the field as the sum of two opposite propagating waves, which is
the superposition of the incident and outgoing waves. To meet
the computational requirements, these two waves are generally
expressed by two Hankel functions:

WY () =i (%) + in (x)

;

: : (43)
hlZ) () = ji (x) — iny (x)

For the TE waves, the electric and magnetic fields are decom-
posed into the incident and outgoing directions, which are writ-
ten as the following expressions:

Ef (x) = Qb (x) eme
E; (x) th” (44)

(x) eim<p

For the sake of observation and understanding, the discus-
sion here focuses on the case when y = 0. By defining the in-
cident spherical wave as 1 and analogizing it to Airy’s formula in
the plane, the outgoing spherical wave can be expressed by the
transmission coefficient t; and the reflected spherical wave by
the reflection coefficient r;. At the same time, the expression of
the transmission matrix of each layer after the incident spherical
wave can be readily obtained by utilizing the TMM, which makes
the propagation of the spherical wave in 1-D MFSPCs regular. It
is therefore associated that the TMM can be combined with the
propagation model of Figure 3 to obtain expressions for r; and
td.[ls]

Further, it is not possible to solve for the rd and td variables
by the electric or magnetic field equations alone. Notice that the
electric and magnetic fields can be related to each other using the
Hankel function as follows.

c® (x) .
H (x) = —Qil—r Ef (x)e™? (45)
oy
_ PCl(l) (X) — im,
H(p (x) = —WEQ (x)@ ¢ (46)
0
where,
htzv( )
Cl(z) (%) =1+x25 a
h (47)
cx)=1+ xh:” al
1 )
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Integrating the above analysis and referring to the structure of
Figure 1, the outgoing wave is incident to the r = r;, interface and
ultimately exits from the r = r; interface. The electric and mag-
netic fields at r, and r; are denoted singly. On account, TMM can
concatenate 1-D SPCS of different radii, the reflection coefficient
r4, and transmission coefficient t4 can be characterized by the el-
ements in the transmission matrix M.

1+, ) ty
) ), ) =M e, (48)
- . i , d
L(H‘MO l’o lﬂJ/AO TO l(l)},lo Vt
where
M= M,M,M, ... MM, M,
(49)

MM
M1 = < 11 12)
My My,

The basic knowledge of matrices is applied to Equation (41).

Synthesizing the above results, we determine the expressions for
the reflection and transmission coefficients r; and t,.

Cl(l) (xo) - C1(2) (xo)

ty =
o)y D) ) ()
: (e S VA )/t W G A W AT /R V/ s B
IwHyT, [M 1 iougr, M iwopoTs iwpgry M M 22 iwpgr
(50)
(2)

U Vv ) P (51)

4= 11 12 iwyorf d

Moreover, combining the above theoretical treatment, the ab-
sorptance (4,), transmittance (T), and reflectance (R) of 1-D MF-
SCPs are completely deduced.

T = [to'R = |rg|”

A, =1-T-R

3. Analysis and Discussion

The absorption, reflection, and transmission spectra of the 1-D
MEFSPCs under the TE modes and TM modes are exhibited in
Figure 4, where y is 75°, r, is 1 mm, H,, is 6500 Oe, d, = 0.05 mm,
and d = 2 mm. It is apparent that in the TM waves, the refrac-
tive index of YIG is a definite constant independent of frequency
owing to the absence of interaction between the TM waves and
the ferrite material. Therefore, under the TM polarization, YIG
is treated as a general metallic material and the absorptance and
reflectance expressions are derived in combination with TMM.
Based on the absorption and reflection spectra of the TM waves in
Figure 4, it is effortless to detect that the 1-D MFSPCs have sim-
ilar transmission properties to 1-D SPCs composed of a general
dielectric, and emerge as a comb of spectral lines. Ulteriorly, the
spectra of TE polarization are analyzed. The YIG is an anisotropic
material whose magnetic permeability is tensor under the action
of an external magnetic field. Therefore, the refractive index of
the YIG varies with frequency in the TE waves. From Figure 4, it

© 2022 Wiley-VCH GmbH
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Figure 4. The absorption and reflection spectra of the TE and TM waves at y = 75°, rg = 1 mm, d, = 0.05 mm, dg = 2 mm, and the external magnetic

field Hy = 6500 Oe.

is observed in a breeze that 1-D MFSPCs form multiple absorp-
tion bands (ABs) in the 150-700 GHz. Noteworthy, the refrac-
tive index of the YIG mutates in particular frequency ranges,3*
and the intensity and frequency band of the mutation are hinged
on the external magnetic field. Meanwhile, an AB extends from
164.7 to 434.6 GHz. It coincides with the band where YIG refrac-
tive index saltates. Therefore, it is inferred that the formation of
the AB in the 164.7-434.6 GHz band is related to the refractive
index change of YIG. Electromagnetic waves in this frequency
band can be absorbed by such 1-D MFSPCs. Scanning the trans-
mission spectrum, it is apparent that the transmittance is close
to 0 and fluctuates fantastically trifling under the TE mode. How-
ever, the transmittance spectrum under TM polarization is comb-
shaped and the peak points are identical to the absorption one,
which leads to the conclusion that the alteration of transmittance
is caused by the mutual effect of absorptance and reflectance. Un-
doubtedly, the presented 1-D MFSPCs show different absorption
features in the TE and TM waves, which are related to the features
of YIG.

Thanks to the tunable nature of YIG under the magneto-
optical effect, the change of the external magnetic field affects
the absorption spectra of the 1-D MFSPCs. It is deduced from
Figure 5 that the effects of the external magnetic field on the ABs
are dominantly in the frequency band position. The absorption
curves plotted for H, are 6000, 6250, 6500, and 7000 Oe with
y =75° 1, =1mm, d, =0.05mm, and d; = 2 mm. The ABs
of the 1-D MFSPCs shift toward the high-frequency region with
the enlargement of H,,. According to the following pictures, it can
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Figure 5. The impacts of H, on the absorption spectra of the TE waves at
y =75°%1ry=1mm, dy =0.05 mm, and dg =2 mm.

be comprehended that the absorption peak exists at 146.1 GHz
for H, = 6000 Oe, with a maximum absorptance of 0.96. Simul-
taneously, an AB is generated between 158.4 and 434.2 GHz.
At H, = 6250 Oe, the absorption peak is readily detected at
149.9 GHz and the AB is positioned in the 161.4-434.44 GHz
band. If H, = 6500 Oe, the appearance of the absorption peak
can be noticed at 153.6 GHz, where the peak of the absorption is
~H, = 6000 Oe. The AB also moves toward the higher frequen-
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Figure 6. The absorption spectra when ry = 1 mm, dy = 0.05 mm, dg =2 mm, and H; = 6500 Oe. a) The influences of incident angle y on absorption
under the TE polarization, b) the effects of incident angle y variation on absorption under the TM polarization.

cies and includes the region from 164.7 to 434.6 GHz. Similarly,
defining H,, = 7000 Oe, the absorption peak occurs at 161.3 GHz
and the AB is located in the 171.3-435.1 GHz band. Overall, the
1-D MFSPCs have exceptional tunability, making it possible to
shift the ABs to high-frequency interval by enhancing the exter-
nal magnetic field.

Figure 6 gives the absorption spectra when ry, = 1 mm,
d, =0.05mm, d; =2 mm, and H, = 6500 Oe for the angle change
from 0° to 90°. For the TE waves, an AB can be formed when y is
in the range of 65° to 80°. The AB is broad near the y = 75°, and
the absorptance of the 1-D MFSPCs gradually descends when y
is larger than 80°. When y = 89°, the absorptance is ~0. Figure 6a
shows that a wider AB can be formed by appropriately raising y
under the TE polarization conditions, which can achieve remark-
able performance with more than 90% of electromagnetic waves
being absorbed. A larger incidence angle is indispensable for the
formation of an ultra-wide AB.

It is manifest from Figure 6b that the absorption spectra of the
1-D MFSPCs between y = 0° and y = 50° have similar trends
to those under the TE polarization. When y is small, neither the
TE polarization nor the TM one can form the expansive ABs, so
the absorption spectra under the two conditions are somewhat
comparable. When y continues to increase, unlike the extremely
broad ABs formed under the TE polarization, the 1-D MFSPCs in
the TM waves form absorption peaks, and the number of absorp-
tion peaks is negatively correlated with y. When y is equal to 89°,
the number of absorption peaks is the least. The reason why the
TE and TM waves show distinct differences in absorption spectra
under the variation of y is that the magnetic dipole of YIG inter-
acts only with TE waves, satisfying the needs of diverse physical
scenarios.

Figure 7 depicts the angular variation profiles for adjusting
the media thickness with r, = 1 cm and H, = 6500 Oe, where
a) d, = 0.05 mm, d; = 2 mm in the figure, b) d, = 0.05 mm,
dy = 2 mm is set in the figure, ¢) d, = 0.05 mm, d; = 2 mm
in the figure, d) d, = 0.05 mm, d; = 2 mm is specified. From
Figure 7a—c, between y = 0-50°, there is no emblematic AB for-
mation, and a wide variety of absorption peaks can be perceived.
It is also undemanding to observe that the absorption spectra are
characterized by periodic and the range of periodic frequencies
narrows and accrues in number as the d enlarges. A striking
difference occurs when y is between 65° and 80°, the ABs can be
formed in the 1-D MFSPCs of all three cases, but the bandwidths
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of the ABs become narrower when the YIG thickness increases.
From Figure 7d, it can be seen that the absorptance is consider-
ably affected when d; decreases. The maximum absorptance is
only 60% which generates large amounts of energy dissipation.
Neither ABs nor absorption peaks appear, and the vast majority
of electromagnetic waves are not absorbed by the 1-D MFSPCs.
Therefore, it can be deduced that the proper dj; is the key to en-
suring the superior absorption performance of the 1-D MFSPCs.

In the following, attention is turned to the initial radius, when
dy = 0.05 mm, dy = 2 mm, and H, = 6500 Oe, the absorption
charts formed by taking r, = 10 mm, r, = 50 mm, r, = 100 mm,
and r, = 1 mm, respectively, as shown in Figure 8. For Figure 8a,
the widest AB is obtained at y = 75° for r, = 1 mm. In Figure 8D,
the 1-D MFSPCs do not form any ABs at r, of 50 mm, and the
maximum value of absorptance is ~0.6, which is much lower
than the case where r;, is 10 mm. In contrast to Figure 8a, al-
though the absorptance of the 1-D MFSPCs with 7, = 50 mm
reduces, the trend of the absorptance with the incident angles is
generally comparable, and the highest values of the absorptance
all arise at large incident angles. It is further demonstrated that a
large angle of incidence is essential for the formation of absorp-
tion bands. Figure 8c is akin to Figure 8b in that the absorptance
declines significantly when r, is 100 mm compared to the 1-D
MESPCs with r, = 10 mm. In this case, r, differs from d, and d,
Dby several orders of magnitude, and the curvature of the spherical
surface can be approximated as infinity. Therefore, the transmis-
sion properties of the 1-D MFSPCs are similar to those of the
1-D PPCs. The absorptance is at a low level due to the limitations
of the initial radius, dielectric thickness, and frequency setting.
For Figure 8d, in the case of r, of 1 mm, ABs appear in the y
range from 0° to 89°, with numerous wide ABs formed between
the y = 60° and y = 75°. Since r, = 1 mm, which is in the same
order of magnitude as d, and dj, the transmission properties of
the spherical wave are more prominent. The peaks of absorption
are not only present in the frequency band with a large incidence
angle but also are distributed in all directions. As a whole, the
absorption spectra have an identical trend, which is determined
by the periodicity of the structure and the nature of the spherical
waves. However, different r, can obtain ABs located in different
frequency bands, and the number of ABs can also be altered by
manipulating r,. When constructing a 1-D MFSPCs structure, in
addition to considering the incidence angle, material thickness,
and the magnitude of the external magnetic field, determining

© 2022 Wiley-VCH GmbH
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c) dg =1mm, and d) dg = 0.1 mm.
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Figure 8. The influences of ry on the absorption spectra of the TE waves, when dy = 0.05 mm, dg = 2 mm and H, = 6500 Oe. a) ry = 10 mm, b)

ro =50 mm, c) ry = 100 mm, and d) ry = 1 mm.

the appropriate r, according to practical needs is also a decisive
factor.

4. Conclusion

In summary, a theoretical study of the 1-D MFSPCs is carried
out by the TMM. The electric and magnetic field equations of 1-
D SPCs are deduced based on the set of Maxwell’s equations and
the properties of spherical waves. Using the method of solving
the spherical Bessel equation, the equation is analyzed theoret-
ically and the expressions for the absorptance, reflectance, and
transmittance of the 1-D MFSPCs are derived.
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Meanwhile, the 1-D MFSPCs structure is designed to verify the
expressions by combining the above-derived transmission prop-
erty expressions. The structure is formed by the periodic arrange-
ment of the general dielectric and YIG. When y =75°, ry =1 mm,
d, =0.05mm, d; =2 mm, and H, = 6500 Oe, such 1-D MFSPCs
can form a wide AB between 164.7 and 434.6 GHz and has pre-
eminent absorption performance. The parameters affecting the
absorption are also discussed. Unlike the 1-D PPCs, the absorp-
tion properties of the 1-D MFSPCs are not only related to the
external magnetic field, the incident angle, and the thickness of
YIG, but also are closely dependent on the initial radius of the 1-D
MFSPCs. The 1-D MFSPCs are tunable and can shift the absorp-
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tion spectra to the high-frequency region by boosting the exter-
nal magnetic field. The magnitudes of d; and r, are not linearly
related to the absorptance, and the parameters can be designed
according to the actual needs. The ABs of the 1-D MFSPCs not
only can alter with the external magnetic field but also by adjust-
ing incidence angle, medium thickness, and initial radius. Man-
ifold absorption spectra can be devised to meet the requirements
in different cases, which is the embodiment of the high practi-
cality and flexibility of 1-D SPCs. This research has tremendous

www.ann-phys.org

potential in the fields of the design of multitasking absorbers and
radomes.

Appendix

For matrix M in Equation (49), the specific representation is as follows.

To facilitate the calculation and reading, the transmission matrix of this
structure is partitioned and each 4-layer is represented by a matrix, and
the total transmission matrix is obtained by multiplying 5 matrices.

o x (9% (ay xa, + by xcy) b [ (a7 xay + by xcy)
47 \ ey X (a3 X by + by x dy) 47\ ey X (ay X by + by x dy)
. dy X a1><a2+b1><62 +d, % dy X a1><a2+b1><cz)
47 \+d; X (ay X by + by x d,) 47 \+d; X (ay X by + by x d,)
M. = 1X by + by Xd 1X by + by Xd A1)
! o x [93% a2><c1+c2><d a3>< a2><61+c2><d1)
47\ 4ey X (by X ¢y +dqy x dy) 4¢3 X (by X ¢1 +dqy X dy)
. dy X (a; X ¢+ ¢y X dy) +d, % X (a; X ¢y 4+ ¢y X dy)
47 \+d; X (by X ¢ + dy X dy) 4 +d3 (by X ¢y +dy X dy)
o x (9% (as X ag + bs X ¢g) be x (97 % (a5 X ag + bs X cg)
87 \ ¢y X (as X bg + bs X dg) 87 \ ¢y X (a5 X bg + bg X dg)
b, asxa6+b5><c6 bxaxa + bs X ¢g)
d 7 X (a5 X dg + D5 X Cg
8 XN\ 4, x (a5 x b + bs x dg) ) T4\ 44, x (a5 x bg + bs x dg)
M. = 5 X bg + 05 X dg 5 X bg + 05 X dg (A2)
, =
e x (7% (ag X c5 + ¢ X ds) ay X (ag X ¢5 + ¢5 X ds)
87 \ ¢y X (bg X 5 + dg X dg) +c7>< (bg X ¢5 + ds X dg)
by X (ag X ¢5 + cg X ds) X (a6 X ¢5 + cg X ds)
cg X dg x sTens
+es (+ x (bg X cs +ds x dg) ) T +d7 (bg X 5 + ds X dg)
g x (21X (ag X ayo + by X ¢1) by ayy X (a9 X ayo + by X ¢1)
127\ 4¢11 X (ag X byg + bg X dyg) ! +¢17 X (ag X byg + by X dyg)
o X by X (ag X ayg + bg X ¢q9) tdv X by X (ag X aqg + bg X ¢q9)
127\ +dqy X (ag X bqg + bg x d 127\ +dqq X (ag X bqg + bg X dy0)
M, = 11 X (a9 X byg + by X dyp) 9 X by + by Xdyp (A3)
y =
g x (01 X (@10 X €9 + €19 X dg) ayy X (a9 X ¢ + €19 X dg)
122\ +eq7 X (byg X ¢g + dg X dyp) +¢17 X (1o X ¢g + dg X dyg)
ten % by X (a19 X €g + €19 X dg) byy X (@79 X ¢ + Cq9 X dg)
12 +d”>< (byg X ¢g + dg X dqg) +dq7 X (byg X ¢ + dg X dqg)
g X ays X ‘113 X ay4 +by3 X cyy) by X a15 X (a13 X a14 + by3 X €14)
+015 X (a13 X byg + byg X dyy) +015 X (a13 X byg + by X dyy)
+eyg X bys X (a13 X ayy + byz X ¢14) )+d16><<b15><(a13 X ayq +byz Xy )
M. = +dis X (a13 X by + by3 X dyy) +dys X (@13 X byy + b3 X dyy) (A%)
=
6 X <‘715>< G14 X €13 + €14 X d13) ) (aISX G14 X €13 + €14 X d13) )
+e15 X (b1g X €13 + dyy X dyy) +e15 X (bry X €13 + di3 X dyy)
+oyg X <515>< 14 X €13 + €14 X di3) > +d <b15>< (@14 X €13 + €14 X d13) >
+dhs X (byy X €13 + dyz X dyy) Fdis X (byy X 013 + dyz3 X dyy)
X <a19>< (@17 X a1g + by7 X ¢1g) ) by X <a19>< (@17 X a1g + by7 X ¢1g) )
+619 X (@17 X byg + by X dig) +C19 X (@17 X byg + by X dig)
+oy X byg X (a17 X ayg + by X cy) X<b19>< (@17 X a1g + by7 X c1)
M. = +dhg X (a17 X byg + byy X dyg) +dhg X (ay7 X byg + byy X dyg) (AS5)
5=
ay0 X a19 X (a1g X €17 + C1g X dy7) o X a19 X (a1g X €17 + C1g X dy7)
+e19 X (brg X €17 + dy7 X dig) +e19 X (brg X €17 + dy7 X dig)
+ep0 X byg X (a1 X ¢17 + ¢1g X dy7) +dog X byg X (a1 X ¢17 + ¢1g X dy7)
+dhg X (byg X €17 + dy7 X dig) +dhg X (byg X €17 + dy7 X dig)
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= X X X X
M~ = My x My x M3 x My X Ms A6

The detailed expressions for each element are as follows.

_ Ji (kary) 'k ny (kyro)
ay = - - = n (ko) + — ——
Ji (karg) 0’y (kyrg) = my (kyro) ji” (Karo) 170
k i (k
N _ n (kyry) ' P|'(k1fo)+Jl( 110) A7)
ny (kyro)ji” (kyro) — 1’y (kyro) ji (kqro) ko
ji (kar) ny (kyrp)
a = - , J1\Kah _ ["'l/(kzﬁ)"' |k21
Ji ko) 1’y (kary) =y (ko) i (ko) 211
i (k
+ _ ny (kyry) ' |;/|l (kyr1) L (kar1) (A9)
ny (kar)ji” (kary) = 1’y (kary) i (ko) kaory
i (kirs) ny (kiry) |
ay = - / Ji\kafs _ |:nll(k1r2)+ Ik12
Jitkar) 0’y (kyry) = ny (kera) ji” (kerp) 12
k i (kiry) ]
i _ ny (kqrs) : P/, (kyr) +J/( 1) (A9)
ny (kyra)ji" (kyr) = 0’y (kyrp) ji (kqry) kr,
i (k k
aye = - / Ji (kyry0) _ [”Il (kyrig) + ”IIE 1"18)]
Ji (kyrig) 'y (kyrg) — ny (kyrig) ji” (kyrg) 118
4 ny (kyryg) |;/-|/ (kyr1s) Ji (k1”18)]
ny (kyrig) ji’ (kyrg) — 1’y (kyrig) ji (karag) king
(A10)
i (k k
ay = - , Ji (karyo) _ [”’l, (kyr19) nl’f 2r19)]
Ji tkarig) 0y (karrg) — 1y (karvg) i (karyg) 219

i ny (kary0)
ny (karig) Ji” (karag) = 1y (karye) ji (karyg)

L.I/ (korro) +f| (k2’19)]

kyrg
(ATT)

In summary, based on the results obtained from the TMM calculations,
the generic expression for the matrix element a,, is:

Ji (k1/2"n)
Ji (k1/2’n—1) 'y (k1/2’n—1) - n (kl/Zrn—1)j|, (kl/Zrn—l)

[”I, (k1/2’n—1) " n (’%—1)]

a, =

k1/2”n—1
ny (kyjarn)
n (k1/2’n—1)f|, (k1/2fn—1) -1 (k1/2’n—1)j| (k1/z’n—1)

Ji (k1/z’n—1)]

k21

+

(A12)

[jl, (k1/zfn—1) +

where n is taken from 1to 20, corresponding to the nth layer of the medium
from the inside out, and ji (ky 2r), i’ (k1/21m), 11 (ke j2ra), and ny’ (ky or,) are
the spherical Bessel functions and their first order derivatives, which are
not expanded here. Regarding the structure of 1-D MFSPCs constructed in
this paper, for example, k; = @/c - n, - cos y; is chosen as the wave vector
when n is odd, and k; is chosen as the wave vector when n is evenk, =
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@+\[E0EmHoHeff - COS Y, = @/C - fiyg - COS 1. To add, here y1 is the angle of
incidence and y, can be calculated by Fresnel’s theorem.

The magnetic field magnitude H, is contained in ky, which is related to
Ueg- The specific relationships are as follows.

Heff = [M,Z + (iﬂk)z] /e (A13)

= 14 (@0 o) (A14)
(wg — inw)* — w?

Y = Om® (AT5)

(wo — inw)? — w?

wy = 2xfy is the resonance frequency with fy = 2.8 x 10% X H. It can be
understood that the parameters y, and H, are related to the wave vector
k,, and changing the parameters is an adjustment of k,, which in turn
affects the overall absorption spectra.

Homoplastically,

b i) [_iwﬂ”l (km)]

o) (aro) = 'y Garghi Garg) L o

* it (k12>(k—1:|)(k1ro>j/ Toro) | e
b= e (kzi:)(k—zr;')l (o)t (ko) ['i%"' (kz")]

i, (kz':l)(liz:'zl)(kzﬁ)jl, () ['%ﬁ ("2”)] (A1)
b= o (kli)(k—]r;’)| (kar) it (kar) [_i%"' (k“)]

T (k1rnz|)(k—1 :|)(k1rz)j.’ () [_Iiﬂ’" (k"”] AT%)
b = e (kw{;gk]—ﬁnﬂ Ui (k) [_i%”' "“”*’]

ke, (k1”:ls)(k—]r'j'|9)(k1’1s)j|, (ara) ['i%j' (k”“‘)] A1)
o0 = el (kzr?ggkﬁ (o)t Uzr) [‘%”' ‘kz"g)]

11 (karao) [_ iwpg .

— i (k A20
+j| (karig) 'y (karig) = 1y (karg) Ji” (karyg) ky i 2f19)] (A20)

The formula for the general term of b,, is:

Ji (kyjary)
n (k1/2’n—1)j|’ (k1/2"n—1) - (k1/2’n—1)j| (kl/Zrn—1)

[—%”I (k1/2’n—1 )]

k12

b =

n

+ n (k1/zfn)
i (kyaraza) 2y (ke jaraz) = my (ke jara) i (kejarast)

iopg
———ji (ky 2z
[ k]/ZJI( 1/2 1)]

(A21)
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The selections and definitions of n and k in Equation (A12) are the same
as in the a,, case.
Finally,

_ 1 Ji (kary) ' ny (kyro) ny (kyry) . Ji (kyro)
6 === , - = m (karo) + — = ; , 1 (karo) + ===
fwpory Ui (kyro) 0y (krg) — my (kyro) ji” (kqro) 10 ny (kyro) ji” (kyro) — 1’y (kyro) jy (kyro) 1o
- kyryy' (kyry) _ [nll (kyrg) + n (‘ﬁ'o)] _ kyryny’ (kyry) ‘ P'/ (kyro) +j| (’ﬁ"o)] } (A22)
Ji (kyro) 1’y (kyro) =y (kyro) )" (kqro) kirg ny (kyro) ji” (kyrg) — 'y (kyro) jy (ko) ko
1 i (kyr: ny (k,r ny (k,r . it (kqr,
= { / Ji (kahp) _ |:”|/(k2r1)+ Ilfzﬂ] _ I(zz,) : [/Il(kzrl)"‘ﬂ,((”))]
fopor, Uji (kory) 0y (kory) — 1y (kare) ji” (kory) 2N ny (kar1)ji” (kar) — 1’y (k) jy (ko) 10
- koraji’ (kary) _ [m/ (kyry) + n (k2’1)] _ karany’ (kory) ‘ L]/ (kyr) +J| (kzﬁ)] } (A23)
Ji (kar) 1’y (kary) =y (kpr) )" (kary) kary ny (ko) ji" (kery) = 1’y (kyr) jy (kary) kary
1 ji (kqr ny (kqr- ny (kqr . it (kyr-
6 = —- { / Ji (kyr3) _ |:”|/(k]r2)+ IIE12)] _ |(13/) : [/|’(k1r2) JII((12)]
fopors Uji (kyrp) 0y (kyra) — 1y (kyra) ji” (Karp) 2 ny (ki) ji” (kyrp) = 1’y (kyrp) jy (k) 12
+- k1"3j|, (kqr3) _ [nll (kyry) + n (’ﬁ'z)] _ kyrsny’ (kyrs) : I;/'/ (kyr3) +j| (kﬂz)] } (A24)
Ji (kyr) 'y (kyry) =y (kyra) )" (ko) kry ny (ki) ji" (kyry) = 0’y (kyrp) ji (kyr) kr,
1 ji (kyrig) ny (kyrig) ny (kyrig) . ji (kyris)
Cro = —- { ’ Jiikarng _ [”|’(k1’13)+ lk 118 ] _ 1 Ky 1? : Llf(k1r18)+lll(1_18]
iwporg Uji (kyrg) 0’y (kyrig) — ny (kyrg) ji” (kyrg) 118 ny (kyrrg)ji” (karag) = 'y (kareg) ji (karag) 1118
kyryaji” (kqr n (kqr kyron, (kyr ) ji (kqr
+- , 11aji” (Kyrg) _ [”|/(k1f13)+ l/f 1 18)] _ 1rony’ ( : 19) : L',(k”m)"'ﬂ/((] 18)]} (A25)
Ji kyrig) 'y (kyrig) — ny (kyrig) ji” (kqrag) 118 ny (kyrig) ji” (kyrig) — 1’y (kyrg) ji (kyrag) 18
1 ji (kyra0) n (kyrqg) ny (kyrqg) . i (kyrqg)
Gy = —- { : . Ji \Kar0 _ [”I, (kyrio) + 1 ®2r9 _ 1% 1? :  (kyrrs) +M
ioporo Uy (kario) 1’y (karyg) — 1y (karig) ji” (karyo) karig ny (kario) ji” (karg) — 1’y (karis) ji (karvo) karg
kyrajt” (korag) ny (kprqg) kyry0n,” (kyry0) . ji (kyrqg)
+- ’ 20)1 (K20 _ [”I, (koryo) + lk 219 ] _ 2201 f 20 : L'/ (korrs) +J|kz 19 ]} (A26)
Ji karig) 1’y (karig) = 1y (karig) ji” (karig) 29 ny (karro) ji” (karrg) = 'y (karye) ji (karvg) 2M9
¢, is available as:
1 Ji (karyg) [ , n (k1/2"n—1):|
= —- - - n' (kijgroy) + ————=
lopyr, {JI (k1/2’n—1) 'y (k1/2”n—1) - n (k1/2’n—1)J|’ (k1/2rn—1) /2 k1/2"n71
n (k1/2"n—1) __, Ji (k1/2"n—1)
+ - - ' (kijaraot) + —/———
n (k1/2'n—1)J|, (k1/2'n—1) - (k1/2'n—1)1| (k'I/Zrn—'I) i /2 k]/Zrn—1 ")
ky zrnjll (k1 2"n) [ ny (k1 2’n—1)
+- , / / _ ”I/ (k1/2rn_1) + k/—
Ji (k) 'y (Kyaraa) =y (kyjarasa )i (Kyarea) | 1/2M-1
kyjaram (k1 2"n) __ i (k1 2"n—1)
+ — / ,/ , Ji" (kijafaa) + s /
n (k1/2'n—1)J| (k1/2'n—1) -y (k1/2'n—1)1| (k1/2’n—1> i 1/2fn-1
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In the same way,

1 ji (kyr iwp ny (kyrq) iwp
= { m st 1,) ‘ [—k—o”H (’ﬁ’o)] + - — ! — [_k_oll (’ﬁ’o)]
fwopory Uy (kyr) )" (kyrg) — 1’y (kyrg) i (kyro) 1 Ji (karg) 0y (kyr) = 1y (kyro) ji” (kyro) 1
kyrji (kyrq) iwp kyryn) (kqrq) iwug .
7 10 1,1 - [—k—0”| (’ﬁ’o)] + - ; L ) [—k—oll (kﬂo)]} (A28)
ny (kyro) ji” (kyrg) = n'y (kyro) jy (ko) 1 Ji (karg) 'y (kyro) =y (kqro) i (kyro) 1
1 i (kyry) iop, ny (kyry) iwpy
dy = —= { = I 2 - . [_k_o”I (k2f1)] + - - — — _k_J' (kar1)
iopory Uny (kyry)ji" (kory) — 1’y (kory) i (kory) 2 i (kar) 1y (kary) =y (kyr) i)' (kary) 2
kyryji’ (kyry) iwp koryn) (kyry) iwug .
= 272 e [—k—om (k2f1)]+ , ! — [—k—ojl (kzﬁ)]} (A29)
ny (kary)ji" (kary) = 0’y (kary) ji (kary) 2 Ji (ker) n'y (kary) =y (kpry) i (kary) 2
1 i (kqrs) iop, ny (kyrs) iopg
dy = —- { = S - . [_k_O”I (k1fz)] + - - — — k—OJ| (karz)
iopors Uny (kyry) " (kyra) — 1’y (kera) i (kyrp) 1 Ji (kyr) 1y (kyry) =y (kyra) i)' (kqry) 1
kqrsji’ (kyrs) iy, kyrsn (kqrs) iwouy .
7 L 1,3 ; [—k—om (k1'2)] + - ; L ") [_k_ojl (h”z)]} (A30)
ny (kyrp) ji" (kyry) = 'y (kyrp) ji (kyrp) 1 Jilkar) 0’y (kyry) = ny (ker) ji” (kerp) 1
i (k 1 k
dg = —= ! { 7 4 taro) - [— Do n (k1"18)] + - m (ko) [ —2ji k1’18)]
iwpong U ny (kyrg)ji” (kyryg) — 1’y (kyryg) ji (kyrg) ky Ji (kyrg) ) (kyrag) — ny (kyryg) ji' (kqryg) ky
) i, kirign’ (kirig) iwuy |
—— v o . [—k—o"ﬂ (kﬂm)] + - — — [—k—ojl (’ﬁﬁs)]} (A37)
ny (kyrig) ji” (kyrg) — 1’y (kyrg) ji (kyrg) 1 Ji (kyrg) 'y (kyrg) = ny (kyrig) ji” (kyrg) 1
1 1 k
dy = - 1 { _ Ji (karao) ‘ [_ iwpg n (k2r19)] + - 1y (karao) _ [_ leoJI (szw)]
ioporo \ ny (karig)ji” (karre) — 1’y (kario) i (karyo) ka Ji karyo) 1’y (karig) = i (karyo) i (karig) ky
kyrajt” (korag) iwu ko ryon) (ko) iwpg .
v 220 2,20 ; [_k_o"'l (kz”w)] + - 7 2201 2720 7 [—k_OJI (kz"19)] } (A32)
Ny (kario)ji” (karrg) — 1’y (karve) ji (karvg) 2 Ji tkarig) 0’y (karrg) — 1y (karve) i (karyg) 2
d,, can be written as:
1 Ji (k1/2"n) [ iwpg
d, = —- - - —-——n (k1 of, ,])
! 1@ Holy { n (k1/zfn—1)J|’ (k1/zfn—1) — ' (kyaraza) i (k1/zfn_1) kija /e
n (k1/2rn) [ iwpg
+- - —_JI (k1 2'n— 1)
Ji (k1/2’n—1) ' (k1/2’n—1) —n (k1/z’n—1)J// (k1/z’n—1) i k1/ /
kajarai” (ke jara) [ i,
+ - - ——”l (k1 20 1)
m (Kijaraca )i (Kijafac) =1 (Kajaraca )i (Kjarace) | kare e
kyoran’ (kyor I
+- : 1/2" M ( 1/2 n) _ _l:m i (k1/z’n 1)] } (A33)
] (k1/2’n—1) e (k1/2’n—1) - (k1/2’n—1)J| (k1/2’n—1) | "1/2
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The definitions of n and k in Equations (A27) and (A33) are identical to
Equation (A12).

Acknowledgements

This work was supported by the College Student Innovation Training Pro-
gram of Nanjing University of Posts and Telecommunications.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

Keywords

absorption, magnetized ferrite materials, spherical photonic crystals,
transfer matrix method

Received: August 4, 2022
Revised: October 6, 2022
Published online:

[1] E.Yablonovitch, Phys. Rev. Lett. 1987, 58, 2059.

[2] S.John, Phys. Rev. Lett. 1987, 58, 2486.

[3] C.Sauvan, P. Lalanne, J.-P. Hugonin, Nature 2004, 429, 6988.

[4] P. E. Barclay, K. Srinivasan, O. Painter, Opt. Express 2005, 13, 801.

[5] T.Kim, ). W. Lee, C. Park, K. Lee, C. E. Lee, S. Lee, Y. Kim, S. Kim, S.
Jeon, D. Y. Ryu, W. G. Koh, C. Park, Nano Energy 2022, 92, 106688.

[6] B.B. Hong, N. X. Feng, J. Chen, G. P. Wang, D. Viktor, C. Roland, C.
John, R. lan, S. Nutapong, Opt. Express 2020, 28, 27903.

[7] H.S.Li,M.X. Low, R. Ako, M. Bhaskaran, S. Sriram, W. Withayachum-
nankul, B. Kuhlmey, S. Atakaramians, Adv. Mater. Technol. 2020, 5,
2000117.

[8] Z.A.Zaky, A. M. Ahmed, A. H. Aly, A. S. Shalaby, Sci. Rep. 2020, 10,
9736.

Ann. Phys. (Berlin) 2022, 2200370

9]
(1]
(1]
2]
[13]
[14]
[15]
[16]
(17]
(18]
[19]
(20]
(21]
(22]
(23]
(24]
(25]
(26]
(27]
(28]
(29]
(30]

(37]
32

33]

(34]

2200370 (14 of 14)

www.ann-phys.org

P. Yu, J. Wu, E. Ashalley, A. Govorov, Z. Wang, J. Phys. D: Appl. Phys.
2016, 49, 365101.

Z.Y. Li, L. L. Lin, Phys. Rev. E 2003, 67, 46607.

S. A. El-Naggar, Optik 2020, 200, 163447.

J. A. Fernandes, D. H. A. L. Anselmo, M. S. Vasconcelos, V. D. Mello,
Opt. Mater. 2021, 121, 111566.

J. T. Zhang, S. S. Rao, D. Zhang, H. F. Zhang, Physica B 2022, 639,
414025.

H. M. Peng, B. F. Wan, P. X. Wang, D. Zhang, H. F. Zhang, Opt. Quan-
tum Electron. 2021, 53, 256.

C. A. Hu, C.J. Wu, T. J. Yang, S. L. Yang, Opt. Commun. 2013, 291,
424,

Y. Jiang, H. Jill, Appl. Opt. 1994, 33, 7431.

Y. Jiang, H. Jill, Appl. Phys. Lett. 1993, 63, 1453.

X. W. Zhao, W. C. Li, E. D. Gu, L. F. Wang, Adv. Mater. Technol. 2013,
2450, 302.

T. Larsen, A. Bjarklev, D. Hermann, ). Broeng, Opt. Express 2003, 17,
2589.

K. Ishizaki, M. De Zoysa, Y. Tanaka, T. Umeda, Y. Kawamoto, S. Noda,
Opt. Express 2015, 23, A1040.

W. L. Moreira, A. A. R. Neves, M. K. Garbos, T. G. Euser, C. L. Cesar,
Opt. Express 2016, 24, 2370.

J. Zhang, Z. Meng, . Liu, S. Chen, Z. Yu, ACS Appl. Mater. Interfaces
2019, 17, 42629.

B. G. Xu, D. G. Zhang, Y. Wang, B. B. Hong, G. X. Shu, W. L. He,
Results Phys. 2022, 34, 105315.

K. Wang, C. Li, Z. Li, H. Li, A. Li, K. Li, X. Lai, Q. Liao, F. Xie, M. Li,
Nanoscale 2019, 11, 14147

S. ). Guo, M. Y. Mao, Z. W. Zhou, D. Zhang, H. F. Zhang, J. Phys. D:
Appl. Phys. 2021, 54, 015004.

Y. Wang, D. G. Zhang, S. X. Xu, B. G. Xu, Z. Dong, Chin. Opt. Lett.
2017, 15, 111601.

J. X. Liu, H. Y. Xu, Z. K. Yang, X. Xie, Y. Zhang, H. W. Yang, Plasmonics
2017, 12 ,971.

H. Mehdian, Z. Mohammadzahery, A. Hasanbeigi, J. Phys. D: Appl.
Phys. 2015, 48, 305101.

V. E. Babicheva, S. V. Zhukovsky, A. V. Lavrinenko, Opt. Express 2014,
22, 28890.

M. Vaseem, F. A. Ghaffar, M. F. Farooqui, A. Shamim, Adv. Mater.
Technol. 2018, 3, 1700242.

Y. Sharma, S. Prasad, Eur. Phys. J. D 2018, 72, 543.

A. |. Baden, Ferrites at Microwave Frequencies, 2nd ed., Institution of
Electrical Engineers, London 1987.

S. Yogesh, P. Surendra, S. Vivek, Opt. Quantum Electron. 2018, 50,
2542.

B. K. Zhou, E. W. Li, Y. F. Bo, A. Wang, J. Lightwave Technol. 2020, 38,
3338.

© 2022 Wiley-VCH GmbH



