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Abstract

The theoretical analysis of transverse electric surface waves in ferrite medium surrounded by isotropic plasma layers
is presented in this manuscript. Maxwell's equations in differential form are used, and we impose the boundary
conditions to acquire the dispersion relation to formulate the proposed structure. The influence of number density,
separation distance between the layers of plasma, and dielectric permittivity of ferrite film on the normalized
propagation constant is studied. It is concluded from the result obtained that if the number density and values of
dielectric permittivity of ferrite film increases the propagation constant Re(8) tends to decreases whereas the
increase in separation distance between the layers of plasma tends to increase the propagation constant Re(f).
Furthermore, to verify the surface waves, the normalized field distribution for plasma medium as well as ferrite
medium are also presented in this manuscript. The present work has potential applications in communication, drug
delivery, cancer treatment, and ferrite sensing waveguide structures in the GHz frequency regime.

Introduction
Investigation of the electromagnetic traits of plasma wave-
guide structures reveals attractive features that are very
significant for potential applications in communication,
cancer treatment, advancement in methods of charge par-
ticle acceleration, transport of high current charge particle
beams, and generation of high-power electromagnetic ra-
diation [1-3]. Theoretical and plasma physicists categorize
plasma as anisotropic plasma and isotropic plasma. Aniso-
tropic plasma is direction dependent and has an external
magnetic field, while in the case of isotropic plasma, there
is no external magnetic field and it has the same proper-
ties in all directions. Isotropic plasma supports high-
frequency electromagnetic waves, which see the plasma as
a simple dielectric owing to the response of free electrons
to the wave. In the case of cold plasma, these waves ex-
hibit simple oscillation at the plasma frequency, which is
the function of number density, below which electromag-
netic waves do not propagate.

Recently, ferrite materials have attracted considerable
attention in different areas of nanotechnology research.
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Ferrite is an anisotropic magnetic material having super-
ior fabrication and design properties widely used in pas-
sive and Antenna microwave devices such as filters,
circulators, phase shifters, and isolators [4—11]. Since
ferrite magnetic tensors can be altered by tailoring the
DC magnetic bias, ferromagnetic materials are used to
design many reconfigurable electromagnetic devices.
Due to their adjustable magnetic traits, ferrite materials
are widely used for designing the latest reconfigurable
antennae [12]. These traits motivate us to study the
ferrite-filled waveguide, which has not yet been studied.
Many researchers carried out research on surface wave
and wave propagation for waveguides [13-19].

The presented work of this manuscript deals with a
waveguide made of a plasma-ferrite-plasma planar inter-
face in the GHz operating surface wave frequency. In this
work, we present the analysis and computation of the
propagation constant and field distribution. The dispersion
relations for the guided TE surface waves are derived and
used to acquire the propagating mode and normalized field
distribution. The influence of the number density of elec-
trons, separation distance, and dielectric permittivity of the
ferrite material on the propagation constant is studied.
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Moreover, the normalized field distribution for plasma and
ferrite medium is also presented in this manuscript.

Geometry and equations

The geometric configuration of the proposed dielectric/
ferrite/dielectric sandwich structure for the propagation
of the guided TE surface waves is presented in Fig. 1.
The structure consists of ferrite medium bounded by
isotropic plasma materials. We assume that the electric
and magnetic field components are proportional to e**~
“) and y independent i. e. 3/dy = 0 where w is the oper-
ating surface wave frequency and k is the propagation
vector in the z direction. To obtain uniform intensity H,
within the ferrite film, we apply static magnetic field By
along the y direction. The electric and magnetic field
components for the propagation of TE surface waves
along the z for the presented geometry have the follow-
ing form as presented in [20].

E = [0,E,, 0]k (1a)

H = [H,,0,H,ek¢) (1b)

Field component for plasma medium (x < 0) and (d < x)
We consider that a plasma medium with region 1 (x < 0)
and with region 3 (d < x) as shown in Fig. 1. By assuming
the time-dependent perturbations, the momentum
transfer, equation of continuity and Maxwell’s equations
can be used to express the plasma medium in the ab-
sence of electric field and an equilibrium drift velocity
[21, 22]:
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nm(-iowV +vV) = —-enE-Vp (2)
iop = nmv3, V.V (3)
V x H = —enV-iweyE (4)
V x E = iopH (5)

Where n, m, v, V, e, p and vy, = /KTy /m are electron
number density, mass of electron, collision frequency,
velocity, charge on electron, pressure and thermal vel-
ocity respectively whereas K, T and y are Boltzmann
constant, temperature of plasma and ratio of specific
heat. By using value of V in equation (4) from equations
(2, 3) we get

2y @ _ “’127 Vi
V(VE-VE = 2 Kl o+ iwv>E+ (wz + iwv)V(V.E)}
(6)

where plasma frequency is defined as w, = (ezn/som)%

In our proposed model the electric field E = Ey}' and V.
E = (i9/9x + kd/dz).(E,j) =0 . The equation (6) be-
comes as presented in [20].

4’E, ,

e ~k,Ey =0 (7)
where klz, = ﬁz—kgep with propagation constant f8, kg
=w?/c*and g, = 1- —mzi’;&w .

The solution of equation (5) for region 1 (x <0) and
region 3 (d < x) are given below respectively

Ey = Cér™. (8)

Plasma

Ferrite

Plasma

w

Fig. 1 Geometry for plasma parallel plate waveguide filled with ferrite
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Ey3 = De ™" (9)
where C and D are unknown constants.

Field component for ferrite medium (0 < x and <x)

In this structure, a ferrite film is sandwiched between
plasma materials. For this region, Maxwell’s equations
can be written as

V x H = -iweyerE (10)

V x E = iwp,pH. (11)

The model field for ferrite medium is

Eyy = Acosh(kgx) + Bsinh (kx) (12)

where A, B are unknown constants, k; = \/f>~kgesu, is

wave number in ferrite films, p, = phyy — o Ity is called
Voigt permeability as presented in [20] and & is the di-
electric constant for the ferrite material. The i is the
Polder permeability tensor as:

A= 0 my O (13)
—l 0 Hx
Here,

Hoe = (L+ 2820y, 5 py = (14235 1y
and f,, = y;, are the Polder tensor elements; y,, is the op-
tical magnon permeability; and w,, and w, are given as
®, = HoyMo, My is the static magnetization and wg =
HoyHo. Here, Hy is the uniform intensity within the fer-
rite film resulting from the applied static magnetic
field By and y is the gyromagnetic ratio [23, 24]. Owing
to the anisotropy of the ferrite material, the analysis of
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Fig. 2 Influence of number density on propagation constant
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the ferrite waveguide is complicated. The following
boundary conditions are used to solve the proposed
structure:

X X (Hz—Hl) =0 (14)

X X (Eg—El) =0 (15)
By applying these boundary conditions at the plasma-
ferrite and ferrite-plasma interfaces following matrix is

yielded as:

SO T T T

Frequency (GHz)
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Fig. 4 Influence of dielectric permittivity of ferrite material on

propagation constant
.
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Fig. 5 Normalized field distribution of ferrite medium

an a2 a3 adis A numerically simulated results are presented in graphical
as)  axn a3 dog B | _g (16) form using the computer software MATHEMATICA. In
as dasp ass dass C all the graphical results, the separation distance is kept
s da 43 Aag D at d=10"° m. We can numerically illustrate the normal-

The entities in matrix are defined as a;;=1, a;,=0,

iky ik
aiz= -1,a14=0, ax =0, ap = “euy A :Wﬁ’ dza =

0, az; = — COSh(dkf), aszp = Sll’lh(dkf), az3 = 0, aszy = e’kﬂd ,

ik s sinh(dks) ik s cosh(dky)
an =" o A=, da3=0 and  ag
_ ietrik,
T e’

After solving the matrix, we get dispersion relation:

2krk,ere,

((oer)” + (krep)?)

Tanh [dk/] + =0 (17)

Results and discussion
The derived characteristic equation for the plasma-
ferrite-plasma structure was computed numerically. The

ized propagation constant Re(f3) with respect to the op-
erating surface wave frequency w for the different values
of plasma frequency, separation distance d, and dielec-
tric constant of ferrite film ex The ferrite film parameter
values are &=1, w,=3.08+ 10° Hz, wy=0.343=
10'°x w,, Hz, and up=1. We have assumed that (v/
®) < < 1. Since guided TE surface waves are interlinked
with H, and H, they depend upon the frequency-
dependent y,, and p,, components of the Voigt perme-
ability, and its function is given as g, = (U — 2 2) -
Fig. 2 illustrates the computed dispersion curve of TE
surface waves for the different values of number dens-
ities i.e., n=1+10% m™> (black dashed line), n=1.2«
10%° 73 (red thick line), 7 = 1.3 = 10%° w2 (blue dashed
line) and n=1.4+10% m3 (green thick line). Since the
electron plasma frequency can be tuned by the number
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density of free electrons, in Fig. 2, the propagation con-
stant Re(B) with respect to the operating surface wave fre-
quency @ in the GHz range is analyzed using the
dispersion relation of equation (17). We have assumed
over dense plasma material due its importance in theoret-
ical as well experimental researches. The typical values of
number density of electron are assumed to obey the con-

dition of over dense plasma regime for w <, when ¢,

= 1—2—'2’ = 1—(‘32”&/)%"@ < 0 . It can be observed that as the
number density of electrons increases, the normalized
phase constant tends to decrease and peaks are shifted to-
ward the higher frequency region in a certain frequency
range as reported in [20]. As the propagation constant
Re(f) decreases, the band gap also decreases, and thus, the
band gap has potential practical applications for wave-
guide devices. It is concluded that the number density of
electrons controls the surface wave propagation in the
plasma-ferrite-plasma structure.

To study the confinement of guided surface waves,
which is a significant parameter for the practical aspects
of the proposed geometry, the normalized propagation
constant Re(f) with respect to the operating surface wave
frequency using the dispersion relation of equation (17)
under the different values of plate separation i.e., d=5 =
10"%m (black dashed line), d =6+10"%m (red thick line),
d=7+10"%mn (blue dashed line), and d =8+ 10"°m (green
thick line) is presented in Fig. 3. It is obvious that as the
separation distance (distance between the layers of
plasma) can be varied by considerably varying the separ-
ation distance. It is noted that if separation distance
plasma layer increases the normalized phase constant de-
creases as expected to obey the condition of over dense
plasma. The numerical calculations are performed at the
different values of dielectric permittivity of ferrite film i.e.,
g=1 (black dashed line), &r= 2.3 (red thick line) and &=
14 (blue dashed line) with respect to the operating surface
wave frequency for the plasma-ferrite-plasma structure is
analyzed in Fig. 4. As dielectric permittivity of ferrite film
increases, the propagation constant Re(f3) increases due to
dielectric constant property of ferrite film and peaks shift
toward the low-frequency region. Moreover, by decreasing
the dielectric permittivity of ferrite, the band gap in-
creases, which is very useful for the waveguide commu-
nity. Representative modal fields are shown in Figures 5
and 6 of ferrite medium and plasma medium respectively
for the plasma-ferrite-plasma structure with d =5 = 10 °m
and 7 = 1+ 10% m >, Figures 5 and 6 illustrate the normal-
ized field distribution of ferrite medium and plasma
medium respectively for TE surface wave components E,
and H,. The surface wave has two conditions: (1) it moves
away from the interface and (2) it undergoes exponential
decay. Therefore, these simulations results verify the sur-
face wave conditions.
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Conclusion

We presented an analysis of guided TE surface waves for
a ferrite medium surrounded by plasma layers. The dis-
persion relation was computed by applying the boundary
conditions approach, and the following conclusions were
drawn:

(i) Surface waves propagate along the plasma-ferrite-
plasma interface.

(i) The normalized propagation constant is very
sensitive to the number density of free electrons,
which is the key parameter of isotropic plasma,
dielectric permittivity of ferrite film, and separation
distance of plasma layers.

(ili) To verify the surface waves, the normalized field
distribution of plasma and ferrite medium was also
discussed.

(iv) The presented work has potential applications in
cancer treatment, communication, drug delivery,
and ferrite-based waveguide devices in the GHz
frequency range.
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