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Chapter
Ferrite Materials and Applications

Tsun-Hsu Chang

Abstract

This chapter starts from a generalized permeability and aims at providing a
better understanding of the ferrites behavior in the microwave fields. The formula
of the generalized permeability explains why the permeability of the ferrimagnetic
or even the ferromagnetic materials strongly depends on the applied magnetic bias
and the polarization of the wave. Right-hand circularly polarized (RHCP) wave
may synchronize with the precession of the magnetic moment, resulting in a strong
resonant effect. Characterizing the ferrites’ properties, including the complex per-
mittivity, the saturation magnetization, and the resonance linewidth, will be
discussed. We then utilize these properties to design and fabricate various micro-
wave devices, such as phase shifters, circulators, and isolators. Detailed analysis and
simulation to demonstrate how these ferrite devices work will be shown. The
mechanism will be discussed.

Keywords: ferrite, microwave, generalized permeability, circular polarization,
phase shifter, circulator, isolator

1. Introduction

Ferrimagnetism is similar to ferromagnetism in many ways [1-4]. They all have
hysteresis curves as the applied magnetic field changes, resulting in the saturation
magnetization (4zM;), the coercive field (H,), and the remnant polarization (B,).
A ferri- or ferromagnetic material can be used to fabricate a hard or a soft magnet
depending on its coercivity (H,). Hard magnets are characterized by a high H,,
indicating that their magnetization is difficult to change and will retain their mag-
netization in the absence of an applied field as shown in Figure 1(a). On the
contrary, the soft magnets have low H, values and, normally, have very weak,
remnant magnetic field (low B,) as in Figure 1(b). Hard magnetism has been
extensively used to make the permanent magnets and provides a strong DC
magnetic field, while the soft magnetism can be used for the AC systems.

Soft magnetic materials include electrical steels and soft ferrites [3, 4]. Unlike
the ferromagnetic metals which are conductors, soft ferrites have low electric
conductivity, i.e., they are dielectric materials. The electrical steels have
extensive applications in low-frequency systems, such as generators, motors, and
transformers, while the soft ferrites are suitable for the high-frequency applica-
tions, such as circulators, isolators, phase shifters, and high-speed switches.

This chapter will focus on the properties of the soft ferrites and their applica-
tions at high-frequency systems. The ferrites are crystals having small electric
conductivity compared to ferromagnetic materials. Thus they are useful in high-
frequency devices because of the absence of significant eddy current losses. Ferrites
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Figure 1.

The hysteresis (B-H) curves for (a) havd fervimagnetism and (b) soft ferrimagnetism. The remnant
polarization (B,) and the coercive field (H.) for the havd ferrites should be as large as possible. On the other
hand, for the soft ferrites, the remnant polarization (B,) and the coercive field (H,) are very small or even close
to zero.

are ceramic-like materials with specific resistivities that may be as much as 10"
greater than that of metals and with dielectric constants around 10 to 16 or greater.
Ferrites are made by sintering a mixture of metal oxides and have the general
chemical composition MO-Fe,03, where M is a divalent metal such as Mn, Mg, Fe,
Zn, Ni, Cd, etc. Relative permeabilities of several thousands are common [5, 6]. The
magnetic properties of ferrites arise mainly from the magnetic dipole moment
associated with the electron spin [2].

The magnetic dipole moment precesses around the applied DC magnetic field by
treating the spinning electron as a gyroscopic top, which is a classical picture of the
magnetization process. This picture also explains the anisotropic magnetic proper-
ties of ferrites, where the permeability of the ferrite is not a single scalar quantity,
but instead is a generally a second-rank tensor or can be represented as a matrix.
The left and right circularly polarized waves have different propagation constant
along the direction of the external magnetic field, resulting in the nonreciprocity of
a propagating wave. Since the permeability should be treated as a tensor (matrix),
not a scalar permeability, it is generally much difficult to understand and to have
intuition, even for the researchers.

2. The susceptibility matrix
2.1 Magnetic dipole precesses around the applied magnetic field

The properties of ferrites are very intriguing. Without a DC bias magnetic field
Ho, the magnetic dipoles of ferrites are randomly orientated. They exhibit dielectric
properties only. The dielectric loss can be high or low depending on the loss tangent
of the soft ferrites. Interestingly, when the DC bias magnetic field is strong enough,
and the ferrite is magnetically saturated, the magnetic dipole will precess around
the DC bias field at a frequency called the Larmor frequency (woxHy). Waves with
different circular polarizations will corotate or counter-rotate with the precession of
the magnetic dipoles.

Figure 2 shows the Larmor precession with the circularly polarized fields [7].
Circular polarization may be referred to as right handed or left handed, depending
on the direction in which the electric (magnetic) field vector rotates. For a
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Figure 2.

La%umor precession of a magnetic moment m around the applied DC bias field H, (= Hoz) with (a) a right-
hand civcularly polarized (RHCP) wave and (b) a left-hand circularly polarvized (LHCP) wave. The
frequency of the Larmor precession in both cases ave the same, i.e., the Larmor frequency wo (= poyHo). H,
and H, ave the transverse components of the incident waves which rotate clockwise (RHCP) and counter-
clockwise (LHCP) from the source viewpoint looking in the divection of propagation. The thumb points the
divection of the wave propagation, and the fingers give the rotation of the transverse components [7].

right-hand circularly polarized (RHCP) wave, the fields rotate clockwise at a given
position from the source looking in the direction of propagation. The magnetic
dipole moment m processes around the Hy field vector, like a top spinning precess
around the z-axis at the Larmor frequency w¢. The spinning property depends on
the applied DC bias magnetic field. Figures 2(a) and (b) shows the RHCP and
LHCP waves with the gyrating frequency of . When the RHCP wave is propagat-
ing along the direction of the DC bias field, it corotates with the precession of the
magnetic dipole moments. On the other hand, the left-hand circularly polarized
(LHCP) wave will counter-rotate with the precession of the dipole moments.

A linearly polarized incident wave can be decomposed into RHCP and LHCP
waves of equal amplitude. The orientation of the linearly polarized wave changes
after the wave propagates a certain distance because of the distinct propagation
constants. The phenomenon is the famous Faraday’s rotation [5, 6]. This unique
property has various applications, such as phase shifters, isolators, and circulators.
However, it is difficult to follow for students and even researchers in that the
permeability is a tensor, not just a simple proportional constant.

Here we consider the simplest case for the pedagogic purpose—a circularly
polarized plane wave is normally incident upon a semi-infinite medium. The wave
characteristics such as the propagation constant k£ and the wave impedance Z are
associated with the permeability y, which is a tensor for the ferrite medium [5]. By
finding the preferred eigenvalues, it will be shown that the properties of u depend
on the DC bias field Hy, the saturated magnetization M, and the operating fre-
quency w. By adjusting the frequency of the incident wave, i.e., w, the permeability
u changes, especially close to the Larmor frequency (o). Such an effect is called
the ferrite magnetic resonance (FMR) or gyromagnetic resonance [7].



Electromagnetic Materials and Devices

2.2 Derivation of the susceptibility matrix

The permeability u,(w) is a tensor. Note that the permittivity ¢,(w) can be
expressed in a tensor as well, but in the region of interest around 10 GHz, it can be
treated as a complex proportional constant for many ceramics. Many microwave
textbooks and literature have elaborated the derivation of the permeability tensor
[5-7]. In this paper, a more accessible interpretation of the permeability tensor is
provided. The magnetic properties of a material are due to the existence of magnetic
dipole moment m, which arise primarily from its (spin) angular momentum s. The
magnetic dipole moment and angular momentum have a simple relation, m = —ys,
where y is the gyromagnetic ratio (y = ¢/m = 1.759 x 10" C/kg). When a DC bias
magnetic field By (= puoHo) is present, the torque T exerted on the magnetic dipole
moment is

T=m X By = pym x Hp. (1)

Since the torque is equal to the time change rate of the angular momentum, we
have

B ds B —1dm

CET Ty a &
By comparing Egs. (1) and (2), we obtain
dm
—— = —poym X Ho. (3)

dt

A large number of the magnetic dipole moment m per unit volume give rise to
an average macroscopic magnetic dipole moment density M. The torque exerting on
the magnetization per unit volume M due to the magnetic flux H has the same form
as Eq. (3):

o M X H. (4)

M and H in Eq. (4) differ slightly from m and Hy in Eq. (3) in that M and H can
turther be divided into two parts: the DC term and the high-frequency AC term.
The DC term is, in general, much larger than the AC term. The applied DC bias
magnetic field Hy is assumed to be in the z-direction. When H), is strong enough,
the magnetization will be saturated, denoted as M, which aligns with the direction
of Hy. If the AC term just polarizes in the transverse direction (i.e., the xy plane),
the external magnetic bias field and the magnetization can be written as,

H = H,x + H)y + Hoz, (5)
M = M,x + M,y + M,z. (6)

Since the AC terms have an exp(—iwt) dependence, by substituting Eq. (5) and
(6) into Eq. (4) the transverse component terms read

(a)% - a)z)Mx = wowp,Hy + jow,H,; 7)
(a)% — a)z)My = —jow,Hy + oo, H,, (8)

where wg = ugyHo and w,, = poyM;. In matrix representation, Eq. (7) and (8)
can be rewritten as



Ferrite Materials and Applications
DOI: http://dx.doi.org/10.5772/intechopen.84623

Xxx Xy O
M=[H= |y 1, O|H 9)
0 0 0

where y,., = x,, = wown /(0 — v?) and yy, = — s = jowy /(0§ — @*). The
eigenvalues of the susceptibility matrix are

O,
X = , (10)
wog — w
1 Wy
2 . 11
X oh N (11)

The eigenvectors corresponding to these two eigenvalues are the right-hand
circularly polarized wave (RHCP, denoted as +) and the left-hand circularly polar-
ized wave (LHCP, denoted as -), respectively. The symbols, + and -, represent
positive helicity and negative helicity, respectively. The LHCP wave has a relatively
mild response over the entire frequency range. On the contrary, the RHCP wave has
a much more dramatic response.

The permeabilities of the RHCP and LHCP waves are

.U+:/40(1+ O ), (12)
wy) — w

Wiy
— 1 ) 1
Iz ﬂo< +a)o+a)> (13)

Eq. (12) has a singularity when the wave frequency w is equal to the Larmor
frequency wo. This phenomenon is called the ferri-magnetic resonance (FMR, or
called gyromagnetic resonance) [6]. On the contrary, Eq. (13) is relatively mild.
Therefore, this study will mainly focus on the RHCP wave.

For a resonant cavity with a quality factor (Q), the loss effect can be introduced
by using the complex resonant frequency wo(1 —i/2Q). By analogy with the reso-
nant cavity, the loss part can be calculated by using the complex frequency
wo — wo(1 —iAHuyy/2wo), where AH is the ferrimagnetic resonance linewidth
[2, 3]. Since

AHuogy — AHpogy ~ AH

= = (14)
2wq 2Hopgy  2Ho
the permeability for the RHCP wave now reads
ut =1+ o . (15)

To conduct a complete simulation of a ferrite device, we need to know its
complex permittivity, the saturation magnetization, and the resonance linewidth.
We will discuss how to characterize the ferrite’s properties in the next section.

3. Characterization of ferrite materials

Here we will discuss the measurement of the most important properties of
ferrites, including the dielectric properties (&, + i¢;), the saturation magnetization
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(M; or 4zM;), and the resonance linewidth (AH). The behavior of the spin wave
linewidth should be considered when the field strength of an electromagnetic wave
exceeds a threshold value, that is, the high-power condition. For the general pur-
pose, only the first three properties will be used in the ferrite simulation.

3.1 Dielectric properties

Ferrites are ceramic-like materials with relative dielectric constants around 10 to
16 or greater. The resistivities of ferrites may be as high as 10'* greater than that of
metals. Since ferrites are dielectric materials. The dielectric properties (e, + ie;)
always play an important role with or without the influence of the magnetic field.
The perturbation method is the most commonly employed resonant technique
[8, 9]. The perturbation method is very good for small-size and low-dielectric
samples. When measuring the high-dielectric samples, however, the fields and the
resonant frequency change drastically. The perturbation technique may lead to a
reduced accuracy. Recently, the field enhancement method was proposed [10, 11].
The field enhancement method operates at a condition opposite to the perturbation
method. The resonant frequency and quality factor alter significantly and depend
on not only the geometry of the cavity but the sample’s size and complex permit-
tivity as well. Luckily, both the perturbation method and the field enhancement
method agree well for samples with the dielectric constant below 50, which is
suitable for most of the ferrites.

Figure 3 shows the ideal of the field enhancement method. Figure 3(a) shows
the resonant frequency as functions of the dielectric constant (¢,) using a simulation
setup as in Figure 3(b). The ingot-shaped sample has a diameter of 16.00 mm
and thickness of 5.00 mm. The solid blue line depicts the simulation result for the
field enhancement method. From the measured resonant frequency, we can derive
the corresponding dielectric constant. On the other hand, the dashed black line is
obtained using a sample with the same diameter but much thinner in thickness
of 1.0 mm. The response of the 1-mm-thick sample quite resembles the
perturbation method. The imaginary part of the permittivity (¢;) or the loss tangent
(tané = ¢;/¢,) can then be determined from the measured resonant frequency and
the quality factor. The field enhancement method has very wide measuring range
from unity to high-« dielectrics and from lossless to lossy materials [10, 11].

(a) (b)

& To network analyzer

E perturbation

3.5-mm SMA

Sample

Adjustable metal rod
0 50 100 150 200 250 300

Dielectric Constant (g,.)

Figure 3.

(a) Resonant frequency versus dielectric constant based on full-wave simulations. The solid curve can be
divided into three vegions: low, transition, and ultrahigh. The dashed line is simulated with a much thinner
sample of 1.00 mm in thickness, which exhibits the properties similar to those of perturbation. (b) Schematic
diagram of the field enhancement method. It consists of a cylindrical resonant cavity and a metal rod. The
sample is placed on the top of the metal vod. The metal rod focuses and enhances the electric field significantly.
An SubMiniature version A (SMA) 3.5-mm adapter couples the wave from the top of the cavity [11].
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3.2 Saturation magnetization

Ferrites have a strong response to the applied magnetic field. The magnetic
properties of ferrites arise mainly from the magnetic dipole moment associated with
the electron spin. Relative permeabilities of several thousands are common. The
saturation magnetization (M; or 4zM;) of a ferrite plays a key role as shown in
Section 2. Researchers or engineers use the saturation magnetization as a design
parameter that enters into the initial selection of a ferrimagnetic material for
microwave device applications. Typical ferrimagnets exhibit values of 4zM;
between 300 gauss (G) and 5000 G. Static or low-frequency methods are generally
used to measure 47M; [12]. From the measured hysteresis loop as shown in
Figure 4, one can determine the saturation magnetization M;.

Note that the saturation magnetization is denoted as M; in the SI unit, but since
the values are generally displayed in Gaussian unit (gauss, G), 47M; is commonly
used. Also, the internal bias H is different from the applied H-field (H,). Demag-
netization factor should be considered [5, 6]. The demagnetization factor allows us
to calculate the H-field inside the sample denoted as Hy. In all, measurement of the
saturation magnetization from the dynamic hysteresis loop characteristics can be
used for the design and simulation of ferrite devices.

3.3 Resonance linewidth

The loss of ferrite material is related to the linewidth, AH, of the susceptibility
curve near resonance. Consider the imaginary part of the susceptibility y, . versus
the bias field Hy. The linewidth AH is defined as the width of the curve of y, versus
Hy, where y, has decreased to half of its peak value. For a fixed microwave
frequency w, resonance occurs when wo = poyH,, such that @ = wo(= poyHy,).

The linewidth, AH, is defined as the width of the curve of y, versus Ho, where y,.,
has decreased to half its peak value. This is the idea that is introduced in [5].
However, obtaining the relation of y, versus Hj is not easy. Here we adopt another
commonly used technique [9, 12].

M

M

Figure 4.

The hysteresis curve vegarding the magnetization M and the internal bias Ho. When the applied internal
magnetic field Hy is large enough, the magnetization will be saturated, denoted as (M, or 4zM;). When H
decreases to zero, the remnant polarization is denoted as M,. The polarization will change sign (from positive to
negative) when H is greater than —H, which is called the coercive field.
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The idea is normally implemented using a TE;,, (n even) cavity in the X-band
region [9, 12]. The test sample is placed at the H-field maximum. The sample is
spherical with a diameter of approximately 0.040 inches, which is much easier to
estimate than the internal bias field Hy. A cross-guide coupler is used with the
coupling iris. The loaded Q (Q;) of the empty cavity should be 2000 or greater. The
sample, mounted on a fused silica or equivalent rod, is positioned away from the
cavity wall at a point of minimum microwave electric field and maximum microwave
magnetic field. A power meter can be used to read off the half-power points by
adjusting the DC magnetic field and measuring the difference in H-field directly
[12]. Figure 5 shows how the resonant linewidth is determined.

The three key parameters are obtained in three experimental setups under
different sizes and geometries of the samples. If the samples’ properties are slightly
different or the machining error is not negligible, the error will be large or even
unacceptable. The ultimate goal is to integrate the measurements and to extract the
parameters using one experimental setup. The three key parameters will be used in
the design of the microwave ferrite devices in the next session.

4. Applications of ferrite materials

The ferrites are crystals having small electric conductivity compared to ferro-
magnetic materials. Thus they are useful in high-frequency situations because of the
absence of significant eddy current losses. Three commonly used ferrite devices are
discussed below. These are phase shifters, circulators, and isolators [13-16].

4.1 Phase shifter

The phase shifters are important applications of ferrite materials, which are
two-port components that provide variable phase shift by changing the bias
magnetic field. Phase shifters find application in test and measurement systems, but
the most significant use is in phase array antenna where the antenna beam can be
steered in space by electronically controlled phase shifters. Because of the demand,
many different types of phase shifters have been provided. One of the most useful
designs is the latching nonreciprocal phase shifter using a ferrite toroid in the
rectangular waveguide. We can analyze this geometry with a reasonable degree of
approximation using the double ferrite slab geometry.

Figure 6 shows the full-wave simulation for a two-port phase shifter using high-
frequency structure simulator (HFSS, ANSYS). A standard waveguide WR-90 is
employed with a width of 22.86 mm and height of 10.16 mm. The field patterns are

Reso?,ance

Absorption

>~

H\ H, H» Ho(oo/w)

Figure 5.

The idea is to place the sample at the maximum of the H-field. It exhibits resonant absorption when the internal
bias field is changed to H,. By changing the magnetic field, we will obtain the absorption. Hy and H; are
associated with the 3-dB absorption. The difference between these two values is the resonance linewidth AH.



Ferrite Materials and Applications
DOI: http://dx.doi.org/10.5772/intechopen.84623

(a)  Port2 Port2  (b) a0

Hy

240

)
20200
S

=
4160-

120

— Phase difference

80...]...I...I...I...
0 100 200 300 400 500

Hy (Oc)

Figure 6.
Simulation vesults. (a) The field pattern to the left is for the empty waveguide. The right figure shows field
strength with ferrites. (b) The phase difference A¢ as a function of the internal bias field H,.

(a) (b)

Port 2 7 Port 1

Port 3

Figure 7.

Schematic diagrams of the operation of a stripline circulator. (a) The incident wave is injected from Port 1 and
the transmitted wave ideally goes to Port 2. (b) The incident wave from Port 2 will go to Port 3. The color
spectrum is the electric field pattern inside the ferrite disks. It is a three-port, nonreciprocal device. A full-wave
solver, high-frequency structure simulator (HFSS), is used [18].

displayed in Figure 6(a) for an empty waveguide and a waveguide with two ferrite
slabs. The phase difference A¢, shown in Figure 6(b), is calculated under two
conditions: with and without ferrites. The simulation parameters are the same as
example 9.4 of Pozar’s textbook. The saturation magnetization (4zM;) is 1786 G,
the dielectric constante’ is 13.0, and the resonance linewidth AH is 20 Oe. The
length and thickness of the ferrite are L = 37.50 mm and ¢ = 2.74 mm.

4.2 Circulator

Circulator, a nonreciprocal device, has been widely used in various microwave
systems. Figure 7 schematically shows the function of a stripline circulator. The
circulator is, in general, a three-port device. If the incident wave is injected from
Port 1, then the wave will ideally go to Port 2, while Port 3 will be isolated as shown
in Figure 7(a). On the other hand, if the wave is injected from Port 2, it will go to
Port 3 and isolate from Port 1 as shown in Figure 7(b). There are three figures of
merit for a circulator: transmission, reflection, and isolation. The transmission from
Port 1 to Port 2 should be as high as possible, i.e., the insertion loss should be as
small as possible. The reflection received at Port 1 due to the incident wave of
Port 1 (S11) and the isolation from Port 1 to Port 3 (S;3) should be as small as
possible. The nonreciprocity of the circulator can be used to protect the oscillators
from the damage of the reflected power in plasma or material processing systems.
It can also be used to separate the transmitted and the received waves in radar or
communication systems [13-17].
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(a) Schematic diagrams of the operation of a waveguide circulator. A full-wave solver, HFSS, is used with the
saturation magnetization (4xM;) is 1600 G, the dielectric constante' is 13.0, and the resonance linewidth AH
is 10 Oe. The radius and thickness of the ferrite disks in rust ved are R = 21.0 mm and t = 5 mm, vespectively.
The waveguide is a standard WR 340 with 86.36 x 43.18 mm?. The electric field pattern is displayed in color.
(b) Simulation results of the waveguide civculator like the one in Part (a). The solid red curve is the
transmission or insertion loss; the blue curve vepresents the veflection loss, and the black is the isolation.

(a) _ Port1 (b) _ Port 1
Ho  '

ferrite

Port 2

Figure 9.

The simulated field strength for a two-port isolator using the full-wave solver. (a) The high forward
transmission (S,,) and (b) the low reverse transmission (S,,). The saturation magnetization (4xM;) is

1700 G, the dielectric constant €' is 13.0, and the resonance linewidth AH is 200 Oe. The length and thickness
of the ferrite ave L = 24.0 mm and t = 0.5 mm.

In addition to the stripline circulator, there are other types such as the microstrip
circulator and the waveguide circulator. The microstrip circulator is similar to the
stripline circulator in many ways. Here we show a waveguide circulator which is
capable of high-power operation. Figure 8(a) shows the structure of the
nonreciprocal device and the simulated electric field strength. The simulation
parameters are described in the caption. The circulator is, in general, a three-port
device. If the incident wave is injected from Port 1, then the wave will ideally go to
Port 2, while Port 3 will be isolated as shown in Figure 8(b). On the other hand, if
the wave is injected from Port 2, it will go to Port 3 and be isolated from Port 1 as
shown in Figure 8(b).

4.3 Isolator

The isolator is one of the useful microwave ferrite components. As shown in
Figure 9, the isolator is generally a two-port device having unidirectional transmis-
sion characteristics (nonreciprocity). From Port 1 to Port 2 (S,;), the forward
transmission is high (i.e., low insertion loss in Figure 9(a)). However, from Port 2
to Port 1 (S12), the reverse transmission is low (i.e., high isolation in Figure 9(b)).
Besides, the reflection (S;; and S,;) should be as low as possible. The simulation
parameters in Figure 9 are the same as Ex. 9.2 of Pozar’s textbook [5]. The simula-
tion parameters and the sample’s geometry are described in the caption.

10
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An isolator is commonly used to prevent the high reflected power from damag-
ing the precious and expansive microwave source. For example, the impedance of a
plasma system changes a lot when the plasma is ignited. The radical change of the
impedance will result in impedance mismatch and cause serious reflection which
might kill the source instantly. An isolator can be used in place of a matching or
tuning network. However, it should be realized that the reflected power will be
absorbed by the ferrite of the isolator, as shown in Figure 9(b). When the ferrite
absorbs the reflected energy, the temperature will rise and the performance will be
compromised. Therefore, a simple isolator can be implemented by using a
circulator with one port well terminated [19]. For example, if Port 3 in Figure 8(a)
is matched with water load, the power injected from Port 2 will go to Port 3 and
will be isolated from Port 1. The power handling capability can be improved.

Circulator and isolator can be implemented using the self-bias [20-22], just like
the latch phase shifter (Hy = 0) shown in Figure 6 using the remnant field B, or M,
only. The self-biased ferrite devices will simplify the design and fabrication,
but the overall performance is still not good enough. Further theoretical and
experimental study is needed.

5. Conclusions

Ferrimagnetism and ferromagnetism share many magnetic properties in com-
mon, such as hard and soft magnets, but the conductivity differentiates these two
materials. Ferrites are ceramic materials and suitable for the high-frequency opera-
tion. The electromagnetic properties of ferrite materials are difficult to understand
in that the magnetic susceptibility is a tensor and depends on the saturated magne-
tization M;, the internal bias field Hy, and the resonance linewidth AH. The mag-
netic susceptibility also depends on the frequency of the microwave w as well as the
polarization of the wave. The first two sessions explain the basic properties.

The complex permittivity &, + ig;, the saturation magnetization M;, and the
resonance linewidth AH are the most important electromagnetic properties of fer-
rites. How to measure the ferrite’s properties are discussed in Section 3. The full-
wave simulation is conducted to demonstrate how the phase shifter, circulator, and
isolator work, which are shown in Section 4. Although the examples are discussed in
many textbooks, Section 4 offers in-depth simulation results for the first time.

At high-power operation, the ferrite devices will be heated. The spin wave
linewidth may be taken into account. Besides, the ferrites will become paramagne-
tism when the temperature exceeded the Curie temperature. These two factors are
important for high-power operation, which are not considered in this chapter.
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