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Development and application of ferrite materials for low temperature co-fired ceramic (LTCC) technology are dis-
cussed, specifically addressing several typical ferrite materials such as M-type barium ferrite, NiCuZn ferrite, YIG ferrite,
and lithium ferrite. In order to permit co-firing with a silver internal electrode in LTCC process, the sintering temperature
of ferrite materials should be less than 950 ∘C. These ferrite materials are research focuses and are applied in many ways
in electronics.
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1. Introduction
Ever since Neolithic man first used a piece of suspended

lodestone to navigate, mankind has used magnetic materials
of various kinds. However, it was not until the advent of elec-
tricity that the magnetic processes began to be understood. It
is now known that lodestone is an iron ore, magnetite, which
is one of a wide range of magnetic ceramics based on iron
(III) oxide, called ferrites. Magnetite, Fe3O4 is in a structural
class of compounds known as the spinels with the composi-
tion MeFe2O4, where Me is a divalent cation, Fe2+ in the case
of magnetite. With the development of industrial electronics,
magnetic materials were used in a multitude of applications,
for example motors, generators, transformers, actuators, an-
tennas, and sensors, information storage, mobile communica-
tions, transport, security, defense, and aerospace, diagnostic
devices and a means to focus electron beams.

Since barium hexaferrite was originally examined in the
late 1930s by Adelskold, and further studied by Gorter and
Braun at Philips in the 1950s, the unique properties associ-
ated with its anisotropic magnetic and crystalline structures
have made the system of great interest to both scientists and
engineers.[1] Barium ferrites have a magnetoplumbite struc-
tures, with space group P6

3 /mmc. The crystal structure of bar-
ium ferrite can be described as a stacking sequence of the ba-
sic blocks RSR*S* where the R contains a two O4-layer block
and one BaO3 with the composition (Ba2+Fe3+

6 O2−
11 ), and S

is a block with two O4-layer with the composition Fe3+
6 O2−

8 .
The asterisk means that the corresponding block is turned 180∘

around the c axis.[2] These ferrites have become massively im-
portant materials commercially and technologically, account-
ing for the bulk of the total magnetic materials manufactured
globally, and they have a multitude of uses and applications.
As well as their use as permanent magnets, common applica-
tions are as magnetic recording and data storage materials, and
as components in electrical devices, particularly those operat-
ing at microwave/GHz frequencies.[3]

Traditional spinel NiZn (including NiCuZn) ferrites are
widely used in various high-frequency components and multi-
layer chip inductors (MLCI) due to their high electrical resis-
tivity, chemical stability, relatively low sintering temperature,
and good electromagnetic properties. However, in power field
applications, such as switch-mode power supplies (SMPS),
MnZn power ferrites are dominant because of their high sat-
uration flux density (Bs) and low power loss (Pcv) charac-
teristics. Recently, the rising frequency of SMPS and fur-
ther miniaturization of magnetic components enable the use of
NiZn ferrites, because they have high electrical resistivity and
can miniaturize magnetic components without a bobbin. Sec-
ond, permeability spectra of NiCuZn ferrites with different mi-
crostructures were resolved into contributions of domain wall
resonance and spin rotation relaxation. The fitting results of
the permeability dispersion revealed the relationships among
domain wall resonance, spin rotation relaxation mechanisms
and microstructures. It was found that when the ferrite was ex-
cited under large flux density, the sample with larger average
grain size and closed pores could obtain lower Pcv. However,
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for the low induction condition, the ferrite with small grain
size had better performance on Pcv.

With the development of integrated devices in radio fre-
quency (RF), microwave/millimeter-wave, terahertz wave, and
optical band, is the question arises: how can we investigate a
kind of film in microwave, terahertz (THz), and optical devices
and realize the integrated devices in a range from microwave
to optical band.[4–7] In recent years, all kinds of garnet films
were designed based on its low propagating loss in microwave
devices and magneto-optical devices and potential application
in terahertz band.[8] For magneto-optical application need liq-
uid phase epitaxy (LPE) materials such as Bi:YIG, Ce:YIG,
Bi:LuIG to act as the deflector, switch,[9] modulator, isolator,
circulator, rotator, and sensors,[10–14] need RF magnetron sput-
tering polycrystalline film Bi:DyIG as magneto-optical record-
ing application.[12–14] In microwave /millimeter-wave appli-
cation fields, single-or polycrystalline garnet films thickness
from 0.2 µm to 100 µm were necessary to gyro magnetic de-
vices filter, delay line, isolator, and limiter,[11–15] also single-
crystal garnet films for magneto-static surface wave (MSSW)
devices such as modulator, filter, delay, transpose, etc. In THz
applications fields, single- or polycrystalline films were used
to the artificial crystal THz waveguide, filter, switch, modula-
tor, isolator, circulator, etc, by liquid phase epitaxy,[18–23] the
crystal structure of garnet YIG, Bi:LuIG or Bi:YIG thin film
growth on 3-inch GGG single crystal and along the (111) crys-
tal plane is shown in Fig. 1.
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Fig. 1. Garnet crystal structure. (a) Lattice structure and (b) interstitial site.

The general formula {C3} [A2](D3)O12, where tabs { },
[ ], and ( ) describe cations occupying dodecahedral sites, oc-
tahedral sites, and tetrahedral sites, and the unit cell consists
of 160 atoms or 8 formula units. According to today’s re-
quirements for microwave devices, broad band and integrated
devices must possession perfect single-crystal film structures,
small ferromagnetic resonance (FMR) ∆H, a smooth surface
and low defect density, large size (3–4 inch) homogenous films
and lead free growth technique. For magneto-optical devices,
excellent single-crystal or polycrystal film structures must be
grown, and films must possess a smooth surface and low defect
density, large Farady angle, 3–4 inch homogenous films, and
flexibility must be allowed in the selection of substrate.[24–28]

Lithium ferrites with their unique advantages are con-
cerned by many scholars. As early as 1960’s and 1970’s,
many scholars launched studies of lithium ferrites, but most
studies focused on the ferrite materials used below the X-band
frequency. Many researchers studied the problem that sinter-
ing lithium ferrites at high temperature leads to evaporation
of Li2O and emergence of Fe2+ ions. In 1969, Pointon et
al. studied solid state reactions in lithium ferrite, the low-
temperature decomposition of lithium carbonate in an intimate
mixture with hematite (α-Fe2O3), the volatilization of lithia at
high sintering temperatures, and the retardation of the sinter-
ing reaction by applied oxygen pressure.[29] The study showed
that lithium carbonate decomposes at about 400 ∘C and takes
part in solid state reactions with hematite, the decomposition
reaction in this case is

Li2CO3 +Fe2O3 → 2LiFeO2 +CO2 ↑ . (1)

In the subsequent sintering process, 2LiFeO2 gets further re-
action with Fe2O3; the final sintering reaction is then

LiFeO2 +2Fe2O3 → 2Li0.5Fe2.5O4. (2)

In vacuum, any magnetite formed is unoxidized on cooling
and there is a decomposition of the lithium ferrite produced in
Eq. (2) of the form

Li0.5Fe2.5O4 → (1− x)Li0.5Fe2.5O4

+
5x
6

Fe3O4 +
x
4

Li2O ↑+ 5x
24

O2 ↑. (3)

When the specimen is cooled in an atmosphere of oxygen, the
final solid product from Eq. (3) is given by the reoxidization
reaction

(1− x)Li0.5Fe2.5O4 +
5x
6

Fe3O4

+
5x
24

O2 → (1− x)Li0.5Fe2.5O4 +
5x
4
(α −Fe2O3). (4)

Therefore, at temperatures in excess of 1000 ∘C, there is an
irreversible loss of lithium and oxygen from the ferrite which
is not reversed on cooling in oxygen. In 1970, Ridgley et al.
investigated the effects of sintering temperature and cooling
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rate on the magnetic and crystallographic properties of lithium
ferrite.[30] Under 1-atm O2, lithium ferrite loses oxygen and
lithium oxide in increasing amounts with increasing tempera-
ture above about 950 ∘C to 1000 ∘C. Slow cooling and anneal-
ing at a lower temperature bring about reoxidation and pre-
cipitation of α-Fe2O3. Rapid cooling from the sintering tem-
perature produces anomalously high magnetic moments and
lattice parameters; lower temperature annealing and very slow
cooling rates produce anomalously low moments. Pointon et
al. and Ridgley et al. almost had the same point of view on
lithium and oxygen losses.

2. M-type barium ferrite
Barium ferrite with the chemical formula BaFe12O19

(BaM) is widely applied in the fields of permanent magnets,
magnetic recording media, and millimeter wave devices due to
its high coercively, high saturation magnetization, and low loss
in high frequency.[31–37] BaM has a magnetoplumbite struc-
ture, with space group P3

6 /mmc. The magnetic structure of
M-type barium ferrite consists of five layers, each of which
has one of five distinct Fe crystallographic site in the structure,
three octahedral (12k, 4f2, and 2a) sites, one tetrahedral (4f1)
site and one trigonal bipyramid (2b) site. In addition, it is well
known that the Fe3+ ions distributed on 12k, 2a, and 2b sites
have an up-spin electron configuration, while those located on
4f1 and 4f2 are spin down. Furthermore, the Fe3+ ions on dif-
ferent sites play different roles in the magnetic properties.[38]

The magnetic properties of BaM can, therefore, be tailored by
substituting other ions for Fe3+.

A wide range of possible compositions of these ferrites
have been synthesized by various preparation techniques and
different substitutions.[39,40] As cation substitutions is one of
the ways to modify the properties of BaM in order to meet the
requirements of the specific uses, researchers have modified
and improved the properties of M-type ferrites by replacing
Ba2+ by Sr2+/La3+/Pb2+ ions[41,42] or substituting Fe3+ ions
by trivalent ions like Al3+, Ga3+, Mn3+ [35,36] or with the
coupled substitution of divalent cations (Zn2+, Co2+, Mg2+,
Zr2+, etc) and tetravalent cations (Ti4+, Sn4+, Ir4+, etc).[43–45]

In all such modified ferrites, it is necessary that substituted
ions maintain electrical neutrality and also have ionic radii
close to that of the original one.[45] The extensive work car-
ried out on the synthesis and characterization of M-type bar-
ium ferrites is exemplified by BaFe12O19, BaMexFe12−xO19

(Me3+ = Al, Cr, Bi, Sc), BaZnxSnxFe12−2xO19,
BaCoxRuxFe12−2xO19, BaMexIrxFe12−2xO19 (Me2+ = Co,
Zn), BaMexTixFe11.6−2xO19 (Me2+ = Co, Zn), and
BaMexTixFe12−2xO19 (Me2+ = Co, Zn, Mn). Tehrani et
al.[46,47] reported.

Based on the theory of substitution on M-type barium
ferrite materials, we will discuss some substitution projects.

First, aluminum has been added with an amount of a diva-
lent ion to give the compounds BaAlxFe12−xO19 using sodium
citrate (SC) as the chelating agent by a chemical process.[48]

Figures 2 and 3 show that in TGA/DTA and XRD analysis that
the crystallization and formation of single phase BaM is com-
pleted before 860 ∘C. The XRD data also confirm Al substitut-
ing into Fe sites. The particle size and morphology are not af-
fected by Al doping. Al substitution plays an important role in
the magnetic properties. The saturation magnetization (Ms) of
BaAlxFe12−xO19 decreases from 51.43 emu/g for the sample
with x = 0 to 28.32 emu/g at x = 1.5. However, the anisotropy
field (Ha) increases from 16.21 kOe (1 Oe=79.5775 A/m) to
25.01 KOe. In addition, Ms increases with enhancing the
ratio of SC/Ba2+ (molar ratio), reaching a maximum when
SC/Ba2+ is 13.
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Fig. 2. TGA/DTA curves of as-burnt BaFe12O19.
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Fig. 3. XRD of BaFe12O19 obtained at various sintered temperatures.

Second, M-type barium ferrites with the rare element La
has also been reported as yielding excellent properties.[49] The
influences of La3+ on the structures and magnetic properties of
barium ferrites (Ba1−xLaxFe12O19) are investigated. Single-
phase M-type barium ferrites with chemical composition of
Ba1−xLaxFe12O19 are formed by sintering at 1100 ∘C–1175 ∘C
in air. As we can see from Fig. 4, with the value of x in-
creasing, the saturation magnetization (Ms) increases, reaches
a maximum at x = 0.2 and then decreases, and the coercivity
of the sample increases continuously. The value of Ms reaches
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a maximum value of 62.8 emu/g at x = 0.2 and 1175 ∘C, and
the Hc reaches a maximum value of 3911.5 Oe at x = 0.6 and
1125 ∘C.

(a)

(b)

La content, x

La content, x

M
s/

e
m

u
Sg

-
1

H
c
/
O

e

Fig. 4. Variation of Ms (a) and Hc (b) with different sintering tempera-
tures in La-doped samples.

(a)

(b)

Fig. 5. SEM image of (a) 1150 ∘C sintered sample without glass addi-
tive and (b) 900 ∘C sintered sample with 5 wt% glass additive.

Third, in order to adapt the development of low tempera-
ture co-fired ferrites technology and produce circulators with

a multilayer process, the effects of Zn2+and Ti4+ substitutions
on the microstructure and properties of low temperature sin-
tered M-type barium hexaferrites Ba(ZnTi)xFe12−xO19 have
been reported.[50] It is found that some Zn2+ ions can enter
the 2b sublattice, and the saturation magnetization of the sam-
ples decrease when x increases. Figure 5 shows that the sam-
ples have excellent crystalline grains with a uniform size of
about 1.0 µm. A high density of 4.85 g/cm3 is obtained in the
samples sintered at 900 ∘C with 5 wt% glass additive. The sat-
uration magnetization reaches 63.5 emu/g (about 308 kA/m)
and increases as the sintering temperature rises, as in Fig. 6.
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Fig. 6. The dependence of Ms and Tc on the substitution amount.

(a)

(b)

Fig. 7. SEM images of (a) the sample with 3.0 wt% Bi2O3 added at the
secondary milling with x = 0 and (b) the sample with x = 0.15.

Lastly, the effects of Co2+, Ti4+, and Bi3+ substitution
on the microstructures and properties of low temperature fired
M-type barium hexaferrites have been studied.[51] Bi3+ ions
can enter into the 2a sublattice and consequently enhance the
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grain growth and densification due to the activation of the lat-
tice. The substitution of Bi3+ ions is beneficial to forming the
M phase and lowers the sintering temperature to about 900 ∘C.
Figure 7 shows that the samples have excellent crystalline
grains with a uniform size of about 1 µm–2 µm. Figure 8
shows that Co2+ and Ti4+ could adjust the value of coercivity
(Hc) and saturation magnetization (Ms). Moreover, nonmag-
netic Ti4+ ions prefer to enter the 4fVI octahedral sites, giv-
ing rise to the weakening of the strong 12k-4fVI super-change
path, and thus the isotropic exchange energy approaches the
other second-order terms on the magnetic Hamiltonian.

Nowadays, in order to enhance the relevant magnetic and
electric properties of M-type barium ferrite, fabricating the
composite barium ferrites has become a trend and an impor-
tant research field. Various additives have been added in bar-
ium ferrites to meet various practical demands, by sputter de-
position, ball milling, evaporation and chemical methods. In
general, two main types of materials are used to composite
with BaM: the organic and inorganic materials. The organic
material and ferrite composites, or inorganic material and fer-
rite composites, with organized structures usually provide a
new functional hybrid, with synergetic or complementary be-
havior.
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Fig. 8. The dependence of Ms and Hc on the Bi substitution (y= 1.0) (a),
and on the Co–Ti substitution (x = 0.15) (b).

The organic material and BaM hexaferrite composites
have been widely and mainly investigated as microwave-
absorbing materials. For example, conducting polymers have
been used to composite with BaM hexaferrite in order to fab-
ricate the absorbing materials with both excellent electric and

magnetic absorbing properties. Polyaniline (PANI) has been
studied extensively in recent years because of its ease of syn-
thesis and environmental stability. Ting et al. (see Fig. 9)
synthesized the PANI/Ba hexaferrite composites by an in situ
polymerization method, and results showed that the compos-
ites exhibit good absorption performance over a broad-band
range in the radar band (2 GHz–40 GHz) with good electro-
magnetic properties.[52] Xu et al. successfully synthesized
PANI/ferrite nanocomposites with novel coralloid structures
(as seen see Fig. 10).[53] Besides, BaM hexaferrites compos-
ited with epoxy resin and rubber have also been studied.[54,55]

(a)

(e)

(b)

(c) (d)

0.2 mm 0.2 mm

Fig. 9. SEM photographs of (a) Ba ferrite, (b) PANI/Ba ferrite; TEM
photographs of (c) Ba ferrite, (d) PANI/Ba ferrite, and (e) EDX spec-
trum of the PANI/Ba ferrite. (Adapted from Ref. [52].)

Fig. 10. Schematic of the nucleation and growth of PANI nanofibers
with ferrite nanoparticles as nucleation sites and the formation of coral-
loid nanostructures.[53]

On the other hand, the inorganic material and barium
ferrite composites, for both bulks and thin films, have also
received considerable attention, especially in the field of
magneto-electric composites and hard/soft exchange spring
magnet. Compared to metallic systems, composites of spinel
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soft ferrite and hard ferrite are promising for advanced per-
manent magnetic materials, because of their low cost, excel-
lent corrosion resistance, and high electrical resistivity. As
for the multiferroic composite, Srinivas et al. reported for the
first time room temperature multiferroism and magnetoelectric
coupling in a BaTiO3–BaFe12O19 composite system prepared
by solid state sintering, and the magnetoelectric output ob-
tained for the composition 75BT–25BF (wt%) showed a max-
imum value of 1.45 mV/cm.[56] Films with alternating layers
of BaM and barium strontium titanate (BSTO) have been also
investigated (see Fig. 11).[57]

Fig. 11. (a) SEM of the 0.5-µm thick BaM and the 0.9-µm thick BSTO
layered structure. (b) Element specific EDS results for the same film.[57]

At the same time, there are two main trends for BaM
hexaferrite composites. For one thing, the nanoscale BaM
composites are stimulating a sharply increasing number of
research activities for their significant technological promise
in the novel multifunctional devices. For the other, lowering

the sintering temperature of BaM composites to adapt to low-
temperature co-fired ceramic (LTCC) technology has become
a trend and an important research field.

Due to their excellent properties, barium ferrites have
been applied in electronic components, magnetic memories
and recording media for several decades. Figure 12 shows
all the practical applications of barium ferrite material in re-
cently years. In recent years, the requirements for miniatur-
ization, integration and excellent high-frequency characteris-
tics of microwave devices promote the development of LTCC
ferrite materials. The low-temperature sintered ferrites are
usually characterized by uniform microstructure, densification
and low loss, all of which are beneficial for the properties of
high-frequency devices. Lowering the sintering temperature
of barium ferrite to adapt to LTCC technology has become a
trend and an important research field.

BaM is often used to make a plastic-ferrite as it is a good
elastic or plastic binder, and it is easily workable and can be
cut into any shape, is familiar to all of us as fridge magnets,
both on and inside the door. Magnetic materials for good per-
manent magnets need to be hard magnetically, and resistant
to demagnetization. Therefore, they need to have stable do-
mains, and must have a large remanence and coercivity. A
large, square loop with a high energy product is also prefer-
able, so more energy is needed to demagnetize the material.
The M-type barium ferrites are ideally suited to such applica-
tions.

permanent

magnets

applications of

hexagonal

ferrites

spheres of

applications

devices of
gyromagnetic

electronics

medical devices

microwave ovens

computers

local communication

cellular phones and TV

stealth

other applications

others

maserabsorbers for computers

and other electronics

power
meters

filterscirculator
resonance
isolators

Fig. 12. Practical applications of barium ferrites.

Communication operating frequencies are moving higher,
from MW to millimeter waves, requiring the use of hexagonal
ferrites. The interest for applications of hexagonal ferrites is
between 1 GHz and 110 GHz. Various regions within each
band are reserved for radar, mobile, wireless and fixed tele-
coms, satellites, GPS, and radiolocation, broadcasting, space
research and astronomy. Some of the most important bar-
ium ferrite millimeter wave (MW) applications are as non-

reciprocal devices such as antennas, circulators and isolators,
which enable the use of one component to transmit and re-
ceive. They effectively switch between transmitting and re-
ceiving, magnetostatic MW devices such as delay lines, filters,
resonators, and non-linear devices.

In order to minimize the high frequency energy losses,
ferrites should have high electrical resistivity. Most hexagonal
ferrites have high resistance, leading to very low eddy current
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losses, so they are well suited for high frequency applications.
Another energy loss called FMR is the main loss in ferrites,
so the major goal is to gain narrow FMR line widths. A re-
cent trend in microwave technology is the integration of ferrite
devices with semiconductor devices onto a chip. So reducing
device volume and weight becomes another research direction.

Information is stored as either 0 or 1 in digital memories,
so a square loop with a big remanence is required to ensure
the data remains stored and is not lost accidentally, and a high
signal to noise ratio is needed. Barium ferrites have this prop-
erty and can also be cut, stamped, and shaped in a highly mass
productive and therefore cheap process, complex shapes are
possible with a high degree of dimensional precision. These
include flexible sheets, very long or thin shapes, and radial
oriented materials, and many electrical components are manu-
factured in this way.

The large amount of devices operating at MW frequen-
cies in our environment, such as radar and wireless and mo-
bile communications, results in a great increase in EM inter-
ference. So there is a growing requirement for MW absorb-
ing materials to reduce interference, shield equipment, shield
rooms and chambers for EM compatibility (EMC) testing, and
to minimize the harmful effects of EM waves on biological
tissues. Barium ferrites are used as microwave absorbers for
they can absorb the MW energy around the frequency at which
FMR occurs. They are already used as EM absorbers to shield
rooms and chambers used for EMC testing of new products
and devices at MW frequencies. The EM properties of Bar-
ium ferrite composites can be effectively tuned by varying the
volume fractions of the constituent phases.

M-type barium ferrites can also find medical applications,
for example as components in nuclear magnetic resonance
imaging and magnetomotive biomedical implants, but the tox-
icity of some of the component elements, particularly barium,
limits their use in applications where they must be inserted
into the human body as particles or fluids.

3. NiCuZn ferrite
Low-temperature-fired NiCuZn ferrites have been widely

used in inductive multilayer devices because of their relatively
high resistivity and good magnetic properties in the high fre-
quency range.[61,62] Previous investigations of the NiCuZn fer-
rites were mainly focused on three issues. (i) How to lower the
sintering temperature of the NiCuZn ferrites by adding sin-
tering aids or changing the preparation process, including re-
search on the ferrite sintering or densification behavior;[63–66]

(ii) How to improve electromagnetic properties such as the re-
sistivity, permeability, and Q-factor of the ferrites, including
research on microstructural improvement;[67–71] and (iii) The
co-fired characteristics of NiCuZn ferrites with an Ag elec-
trode or other ceramics fired at low temperature.[72–74] Re-

cently, with the development of multilayer technology, ferrites
fired at low temperature have been used for power applications
such as multilayer power inductors and transformers. How-
ever, few studies have investigated the power characteristics
of the NiCuZn ferrites fired at low temperature. Therefore, in
this section, we analyzed the influence of Co2O3 addition on
the initial permeability, saturation magnetization, and power
loss characteristics of NiCuZn ferrites fired at low tempera-
ture.

Table 1. Composition and additions of the samples.

No.
Composition of the Additives and their amounts (wt%)

samples Bi2O3 Co2O3

No.1

Ni0.35Cu0.2Zn0.45Fe1.96O4

1.5 0
No.2 1.5 0.1
No.3 1.5 0.2
No.4 1.5 0.3
No.5 1.5 0.4

NiCuZn ferrite samples with the composition
Ni0.35Cu0.2Zn0.45Fe1.96O4 were prepared by the conventional
ceramic processing as previous description. The calcination
temperature was chosen as 800 ∘C. Then, the additives shown
in Table 1 were added to the calcined powders. Bi2O3 was
used as sintering aid and Co2O3 was used to improve the
power loss characteristics of the ferrite samples. The green
product was finally sintered at 900 ∘C and held for 4h in air,
then left to cool inside the electric furnace to room tempera-
ture, with heating and cooling rate at 2 ∘C /min. The density of
sintered samples was calculated as the mass/volume ratio. Mi-
crographs were taken using a scanning electron microscope.
The initial permeability was measured using a precision LCR
meter (Agilent 4284A) at the frequency of 10 kHz. The core
loss was measured using a B–H analyzer at room tempera-
ture. The saturation magnetization and hysteresis loop were
measured using a vibrating sample magnetometer at room
temperature.
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Fig. 13. Variations of initial permeability and sintering density with
Co2O3 concentration.

Figure 13 shows the initial permeability and sintering
density of the samples. The initial permeability continuously
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decreases with Co2O3 content increasing. The sintering den-
sity also decreases with Co2O3 content increasing. However,
to a lesser extent. Therefore, the obvious decrease in ini-
tial permeability cannot be attributed to the slight decrease in
sintering density. To identify the factors affecting this phe-
nomenon, we first investigate the microstructure of the sam-
ples.

Figure 14 shows representative micrographs of samples
without and with the maximum Co2O3 content. Both have al-
most the same average grain size (which is around 5 µm) and
grain size distribution. Thus, the decrease in initial permeabil-
ity cannot be attributed to extrinsic factors such as the grain
size and sintering density. It is known that domain wall motion
and domain rotation contribute to the initial permeability. The
contribution of the latter is negligible at low frequency except
when the grain size is so small that only a monodomain state
exists.[75] The initial permeability as a function of domain wall
motion can be expressed as

µ
w
i = 1+

3M2
s D

16γw
,

where Ms is the saturation magnetization, D is the average
grain size, and γw is the domain wall energy. Figure 14 shows
that all samples had almost the same average grain size, so the
dependence of µw

i on D can be excluded. Figure 15 shows the
saturation hysteresis loop of the samples.

(a)

(b)

Fig. 14. Micrographs of the samples without (a) and with (b) the maxi-
mum Co2O3 concentration.
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No. 3: Ms=70.7 emu/g

No. 4: Ms=72.8 emu/g

No. 5: Ms=73.8 emu/g

Fig. 15. Saturation hysteresis loop of the samples at 25 ∘C.

It is evident that the saturation magnetization slightly in-
creased with the Co2O3 content, mainly because Co ions pre-
fer to occupy octahedral sites and have a higher magnetic mo-
ment than Ni and Cu ions. On the contrary, the increase in
saturation magnetization favors an increase in initial perme-
ability. Therefore, the decrease in initial permeability with
increasing Co2O3 content can be attributed to an increase in
domain wall energy. It is known that γw is an increasing
function of the magnetocrystalline anisotropy (K1).[75] Cobalt
ferrite has a much larger K1 than that of Ni and Cu ferrites.
Furthermore, the concentration of cation vacancies in ferrite
samples increases with Co content increasing and therefore
the local anisotropy induced by these cation vacancies also
increases.[75] Thus, γw increases with the Co2O3 content and
the negative influence of this increase in γw is greater than the
positive influence of the increase in Ms. As a result, the initial
permeability gradually decreases with Co2O3 content increas-
ing.
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Fig. 16. Frequency dependence of power loss under the flux density of
Bm = 5 mT (25 ∘C).

Table 2. Frequency dependence of power loss under the flux density of
Bm = 5 mT (25 ∘C).

Frequency
Pcv/mW·cm−3

No.1 No.2 No.3 No.4 No.5
100 kHz 0.81 0.73 0.61 0.87 0.94
1 MHz 6.03 5.80 5.73 5.69 5.67
10 MHz 633.61 531.80 382.62 345.66 322.75
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Figure 16 and Table 2 show the frequency dependence
of power loss for the samples, Pcv increases with the fre-
quency for all the samples. At low frequency, power loss
first decreases, and then gradually increases with the increase
of Co2O3 content. Sample No. 3, which contained 0.2 wt%
Co2O3, exhibits the lowest power loss. However, when the
excitation frequency is increased to 1 MHz and 10 MHz, Pcv

gradually decreases with increasing Co2O3 content. This is
particularly evident at 10 MHz. It is known that power loss
can be divided into Ph, Pe, and Pr.[58,59,76] At low frequency
(100 kHz), Ph is the predominant factor in Pcv and is inversely
proportional to the cube of the initial permeability.[60] Thus,
the decrease in initial permeability with increasing Co2O3 con-
tent has a negative effect on the power loss. On the other
hand, Co ions at B sites can induce local uniaxial anisotropy
under the influence of a local Weiss field or under an exter-
nal field, which favors domain wall “freezing” and a decrease
in Ph. This positive influence is more predominant than the
negative influence of permeability on Pcv for Co2O3 content
of ≤ 0.2 wt%. With a further increase in Co2O3 content, the
initial permeability constantly decreases; furthermore, the sin-
tering density also decreases due to the appearance of pores.
As a result, the power loss gradually increases. At relatively
high frequency, such as 1 MHz or 10 MHz, Pe +Pr increases
more obviously than Ph with frequency and becomes the pre-
dominant factor in Pcv, especially at 10 MHz. Because Co2+

has a greater ionization energy (34 eV) than Fe2+ (30.6 eV),
the Co3+ available on Co2O3 addition can decrease the Fe2+

concentration in ferrite samples according to

Fe2++Co3+ → Fe3++Co2+

and thus can eliminate the n-type conduction.[77] This favors
a decrease in Pe and Pr, leading to a decrease in Pcv at high
frequency.
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Fig. 17. Bm dependence of power loss at the frequency of 50 kHz
(25 ∘C).

Figure 17 and Table 3 show the variation in power loss
with magnetic flux density at a frequency of 50 kHz. At rela-
tively low flux density, Pcv first decreases, and then gradually

increases with the Co2O3 content. This is similar to the trend
in Table 3 at low frequency. However, at high flux density,
Pcv continuously increases with the Co2O3 content. Accord-
ing to a previous study, Ph is the predominant factor in Pcv at
low frequency, and the local uniaxial anisotropy induced by
Co2O3 addition can “freeze” domain walls and decrease the
sample Ph. However, the effect of domain walls “freezing” dis-
appears when the flux density exceeds a critical value, leading
to an increase in Ph and Pcv. It can be concluded that from Ta-
ble 3 the critical induction value is 50 mT. If the induction flux
density is less than 50 mT, suitable Co2O3 addition is useful
in decreasing the power loss. However, for an induction flux
density greater than or equal to 50 mT, it is better not to add
Co2O3 when aiming to decrease the power loss of NiCuZn
ferrites fired at low temperature.

Table 3. Bm dependence of power loss at the frequency of 50 kHz
(25 ∘C).

Bm
Pcv/mW·cm−3

No. 1 No. 2 No. 3 No. 4 No. 5
5 mT 0.47 0.42 0.35 0.52 0.60

10 mT 2.88 2.56 2.45 3.14 3.89
30 mT 45.94 40.52 47.54 62.31 76.55
50 mT 203.84 212.41 235.62 277.5 311.86

In summary, the initial permeability gradually decreased
with Co2O3 content increasing, which was mainly attributed to
the influence of local anisotropy induced by Co ions. The satu-
ration magnetization increased with the Co2O3 content, which
was attributed to the preference of Co ions for octahedral sites
and their magnetic moment being higher than that of Ni and
Cu ions. Under excitation at low flux density and low fre-
quency, a suitable Co2O3 content was useful to decrease Pcv

because Co ions could “freeze” the domain walls and decrease
the sample Ph. When the excitation frequency increased to 1 or
10 MHz, Pcv gradually decreased with increasing Co2O3 con-
tent, because Co3+ could decrease the Fe2+ concentration and
Pe +Pr of the ferrite samples. At low frequency, the effect of
domain wall “freezing” by Co ions gradually disappeared with
increasing flux density. For a flux density greater than or equal
to the critical value of 50 mT, it was better not to add Co2O3

when aiming to decrease the power loss of NiCuZn ferrites
fired at low temperature.

4. YIG ferrite films and their applications
YIG,Bi:YIG and Bi:LuBiIG garnet films have been cho-

sen in our experiment based on the consideration of propa-
gating loss in the microwave and optical bands. The non-
magnetic GGG (111) substrate was used because of its good
match to garnet film in both lattice constant (12.383 Å) and
thermal expansion coefficient (9.2×10−6/∘C). The mixture of
the garnet constituent oxides and the Bi2O3 flux were melted
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in a platinum crucible at 1000 ∘C–1050 ∘C for 24 h, and the
solution was homogenized by stirring with a platinum paddle
for another 12 h at 1000 ∘C, and then the temperature was de-
creased to the growth temperature. The substrate was mounted
on a platinum holder with a little slant angle to the liquid sur-
face. During the growth, the substrate was rotated at a rate of
60 rpm–100 rpm, and the rotation direction was reversed after
some time. The growth rate of the film can be controlled by the
growth temperature and the rotation speed. After growth the
substrate was raised from the melt, and rotated at a large speed
to spin off the residual flux droplets. And then the substrate
was withdrawn from the furnace slowly to avoid cracking due

to the surface shrinking (thermal expansion). At last, the film

was cleaned in a hot nitric acid to eliminate the Bi2O3 flux. A

typical growth condition applied in our experiments is listed

in Table 4. Note that the furnace temperature profile in the

grown zone is strictly controlled, varying less than 0.1∘C, and

a rotation that changes direction every 3 s during the growth is

used in order to get a uniform film. The growth rate of the film

is calculated from growth temperature and rotation speed to be

0.417 µm/min. The growth time is 20 min thus a thickness of

about 8.34 µm on each side of the GGG substrate is expected

for our epitaxial Bi2.1Lu0.9Fe5O12 thin film.

Table 4. Typical parameters for LPE growth process.

Flux Growth Rotation speed in Interval of Rotation
composition temperature growth process rotation reversal after growth

Bi2.1Lu0.9Fe5O12 803 ∘C 60 rpm 3 s 190 rpm

motor

substrate

h
e
a
te
r

crucible

(a)

(b)

Fig. 18. Growth equipment for garnet LPE microwave crystal. (a) Ex-
perimental installation and (b) experimental principle.

The surface morphology of the films was examined
by scanning electron microscope (SEM) DS-130C (Akashi,
Japan) and by SEIKO SPA-300HV atomic force microscopy
(AFM). Absorbance in the optical range was measured by
spectrometer, while loss in the microwave range, indicated as
ferromagnetic resonance line-width (FMR), was measured by
the local excitation of resonance absorption method (or mag-
netic hole method). The THz response of the films was char-
acteristic of a THz-TDS system (made by Zomeoa Company),

the magnetic domain was observed also by scanning elec-
tron microscope (SEM) DS-130C (Akashi, Japan). The Fara-
day rotation effect was measured by magneto-optical (MO)
Faraday-effect historiography. The garnet LPE microwave
crystal growth equipment used in our experiment is shown in
Fig. 18.
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Fig. 19. Lattice parameters as a function of the addition of Bi3+ ions.
(a) Contribution of different lattice sites to the net magnetic moment of
garnet, (b) change of lattice parameter with the doping level of Bi3+

ion.

Lead free flux technology of the LPE process was: (i)

117504-10



Chin. Phys. B Vol. 22, No. 11 (2013) 117504

Determination of film composition, because net magnetic mo-
ment comes only from the contribution of the Fe3+ ion, and
the Farady effect is related to the energy band width of ex-
cited Fe3+. The addition of Bi3+ increases the energy band
width of excited Fe3+. Evidently, the doping amount of Bi3+

ion is very important to increase the Farady angle. (ii) Con-
tra lattice mismatch: The addition of Bi3+ ions in garnet film
influences the lattice constant of the substrate GGG and needs
to be bigger. There are two ways to fit the lattice match, one is
growth doping Mg:GGG substrate, the other is LPE Bi:LuIG
film, and the good concentration of the Bi ion is about 0.9 at%.
The garnet formula Lu2.1Bi0.9Fe5O12 is shown in Fig. 19. (iii)
Improvement of growth technique: In common methods, the
main fluxes used for iron garnet LPE are PbO–B2O3, Bi2O3,
Bi2O3–B2O3, PbO–Bi2O3, PbO–Bi2O3–B2O3 materials. If

we use PbO in the iron garnet LPE process, toxic Pb can de-
teriorate the film quality, and increase both FMR (∆H) and
the optical absorption coefficient.[78,79] On other hand, dop-
ing Bi2O3 in garnet film by the LPE method, would increase
melt viscosity due to the low fusion point of Bi2O3, resulting
in a large amount of droplets, due to different precipitation so-
lution rates. So a new buffer LPE method that does not use
PbO has been given in this work, it can change a large amount
of droplets on the liquid surface into a mirror-like liquid sur-
face before the LPE process finishes, simultaneously control
the c-axis orientation and growth rate, and get a lower off-
axis angle. With it, we can reduce surface defects, reduce loss
and increase the Faraday angle in garnet film growth. This is
shown in Figs. 20 and 21 .

(a) (b) (c)

(f)(e)(d)

Fig. 20. c axis orientation and magnetic domain: (a) off-axis 0.22∘, (b) off-axis 0.18∘, (c) off-axis 0.14∘, (d) off-axis 0.10∘, (e) off-axis
0.06∘, and (f) off-axis 0.02∘.
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Fig. 21. Off-axis angle (a) and Farady angle (b) vary with the magnetic field.
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Shown in Figs. 22 and 23, higher growth rate, we can
get an excellent garnet film. With smooth dense surface,
lower defect density, higher susceptibility, and smaller FMR.
The optimal parameters for Y3 (Fe, Sc)5O12 films, growth
rate> 0.8 µm/min and off-axis angle< 15, for Bi:LuIG film,
growth rate> 0.4 µm/min and off-axis angle< 22′′.
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Fig. 22. Magnetic susceptibility and film surface in different growth
rates: (a) growth race 0.37 µm/min and (b) growth race 0.85 µm/min.
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Fig. 23. Function of misorientation as growth rate.

Film fabricated by the new buffer LPE method is clean
and flat on the surface, and no micro-cracks and residual flux
droplets were observed. Shown in Fig. 24, the surface rough-
ness is also very small, RMS equals to 3.35 nm.
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Fig. 24. (a) X-ray diffraction (111)-oriented garnet film on (111) GGG
and (b) microstructure of sample.
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Fig. 25. Magnetic and microwave properties. (a) Magnetic hystersis
loop of sample and (b) FMR spectra of the LuBiIG film on GGG sub-
strate.

The film’s magnetic and microwave properties are shown
in Fig. 25. Saturation magnetization (4πMs) is 1562 Gs, sat-
uration magnetic field (Hsat) is 200 Oe and coercivity (Hc) is
11 Oe. It also obviously shows that the smaller size has a
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lower FMR than the big size in the buffer LPE method. Higher
growth rate can also obtain the lower FMR. The FMR is be-
tween 1.4 Oe and 2.8 Oe.

The magneto-optical properties of garnet films fabricated
by a new lead-free flux method are shown in Fig. 26. The
Faraday angle θf > 1.6∘/µm, 10 times higher than in the com-
mon LPE films, and the absorption coefficient is far lower than
common LPE methods can achieve.
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Fig. 26. (a) Faraday angle versus magnetic field and (b) absorption co-
efficients versus wavelength.

The growth of polycrystalline garnet films by RF mag-
netron sputtering has been introduced. The effects of sub-
strate, buffer layer, sputtering parameters, and post annealing
on the performance of YIG films have been investigated in
detail. It has been shown that garnet films with smooth sur-
face and adjustable saturation magnetization can be obtained
by using CeO2 buffer layer. We have also applied the so-called
“rapid recurrent thermal annealing” (RRTA) method to control
the grain size and distribution of garnet films.

Some applications need polycrystalline garnet films
grown on silicon crystal substrates, but garnet/Si is difficult
to crystallize and the film has a low density because of bound-
ary and interface defects between two layers.[80,81] Therefore,
a buffer layer can be use to improve the properties. In our ex-
periments, the SiO2 buffer layer and CeO2 buffer layer were
studied; the results show that crystal structure and crystalliza-
tion rate are obviously improved (See Fig. 27). The satura-
tion magnetization Ms is 25% higher, and coercivity Hc is 10%
lower. The main reason is that the Fe2+ ion content is reduced

about 7.6%, and film density is enhanced in Si/SiO2/YIG thin
films, as shown in Fig. 28.
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Fig. 27. (a) Structure and (b) magnetic loop trace of garnet film sput-
tered on SiO2 buffer layer.
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Fig. 28. Fe2+ content comparison of silicon substrate with buffer layer.
(a) Si/CeO2/YIG buffer layer and (b) Si/SiO2/YIG buffer layer.
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Fig. 29. Comparison of YIG/Si(111) with YIG/ CeO2/Si(111).
(a) X-ray diffraction, (b) SEM of YIG/Si(111), and (c) SEM of
YIG/CeO2/Si(111).

0.006

0.002

-0.002

-0.006

-1000 0 1000

External magnetic field/Oe

YIG/CeO2/Si

YIG/Si

Ms YIG/CeO2/Si

Hc YIG/CeO2/Si

Mr YIG/CeO2/Si

Mr YIG/Si

Hc YIG/Si

Ms YIG/Si

48

42

36

30
0 0.5 1.0 2.01.5

Annealing atmosphere pressure/Pa

0.006

0.005

0.004

0.003

0.002

0.001

↼M
s/
M

r↽
/
e
u
m

M
a
g
n
e
ti
z
a
ti
o
n
/
e
m

u

(a)

(b)

H
c
/
O

e

Fig. 30. Magnetic properties of YIG/CeO2/Si(111) films. (a) Magnetic
hystersis loop of sample and (b) the value of Ms/Mr of samples.

The CeO2 buffer layer not only improved crystallization
rate and reduced surface roughness, but enhanced Ms about
12%, the Mr about 6%, reduced Hc about 10%, while Fe2+

further lowered about 5.2% compared with sputtering on sili-
con substrate, as shown in Figs. 29 and 30.

In our experiment, the sputtering atmosphere and power
are very important parameters to improve the properties of gar-
net film. The optimum parameters are shown in Table 5.

Table 5. Deposition process parameters.

Composition of target Y3Fe5O12

Base pressure of the deposition chamber 2.0×10−4 Pa
Temperature of the substrates 500 ∘C
Sputtering pressure 0.28 Pa
Sputtering atmosphere ratio, R = O2/(Ar+O2)×100% 0%, 2%, 4%
Sputtering power 90 W
Annealing temperature 750 ∘C
Annealing atmosphere Vaccum, 0.5 Pa O2, 1.2 Pa O2

Heating rate 10 ∘C/s
Preservation time 10 min

In order to obtain high Ms in YIG/ CeO2/Si(111) films,
growth in pure Ar and annealing in 0.5-Pa oxygen O2 or
growth in Ar+2%O2 and annealing in vacuum has been as-
sumed. The thin film properties appear in Fig. 31.

The investigation of theories and experiments of

magneto-static surface wave (MSSW) filter has been done in
this part. The insertion loss model of MSSW filter has been
created and the effect of the thickness of garnet film, satura-
tion magnetization and line width to the insertion loss of the
filter have been analyzed in detail, as shown in Fig. 32.
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Fig. 31. Saturation magnetization as a function of sputtering atmosphere (a) and power (b).
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Fig. 32. Properties simulation of the MSSW filter. (a) Frequency dependence of 4πMs. (b) Frequency dependence of S21 and ∆H. (c)
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As shown in Fig. 32, higher saturation magnetization Ms

can expand high frequency range application. A sufficient
film thickness improves the propagation model and reflection
loss, small FMR(∆H) and low defect density improve the line-
width and the insertion loss.

Meanwhile, the dispersion restraint theory with the dou-
ble magnetic layer structure has been studied in our work. As
shown in Fig. 33, the double magnetic layer structure can ef-
fectively suppress the dispersion of the MSSW filter.
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Fig. 33. Double magnetic layer structure (a) and simulation results: (b) frequency dependence of wave number, (c) frequency depen-
dence of damping constant, (d) frequency dependence of radiation impedance, and (e) frequency dependence of insertion loss.
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According to theoretical simulation, the MSSW filters
with good performance were researched in experiment by us-
ing Bi, Lu:YIG film, as shown in Fig. 34.

(a)

(b)

Fig. 34. Comparison of single-layer structure with double magnetic
layer structure. (a) The proposed scheme for double magnetic layer
structure and (b) magnetic permeability of the MSSW filters.

Comparing measured results of single-layer structure fil-
ter and double magnetic layer structure filter, the insertion
loss of double magnetic layer structures lowered from 8 dB
to 6 dB. The main reason is that magnetic film total thick-
ness increased, the double magnetic layer structure looks like
two multiple waveguides, two multiple channels to pass mi-
crowaves.

The filter parameters are as follows: the center frequency
is between 4.0 GHz and 5.5 GHz, the pass bandwidth is
180±10 MHz, insertion loss is smaller than 8.0 dB (this value
can be reduced to 6.0 dB with double magnetic layer struc-
ture), and out-band rejection is bigger than 35 dB.

The feasibility investigation of the microwave garnet film
circulator has been done. Based on circulator design theory,
the effect of substrate thickness or film properties on the circu-
lator performance has been investigated, as shown in Fig. 35.

The results show that the film circulator can be realized
from 1.0 GHz to 3.0 GHz by perfecting garnet film prepa-
ration technology; however, it still needs a long time to be
realized because of its restriction conditions in the high fre-
quency band. When the thickness is lower than 0.3 mm, both
standing wave ratio and insertion loss dramatically increase.
One efficient way is to increase film thickness and lower the
center frequency and reduce the circulator’s size.[82–85] Gar-
net film with thickness > 50 µm (include GGG substrate and
thin film> 50 mm) is flexible to design and fabricate a circu-
lator/isolator with the center frequency < 3 GHz.
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Fig. 35. Simulation results of garnet circulator based on Bi, Lu: YIG
film. (a) Structure and magnetic field distribution, (b) the wave absorb-
ing properties with different thickness of films.

5. Lithium ferrite and its applications
In spinel ferrites, the magnetic anisotropy of single-

crystal lithium ferrite is strong, which leads to high coerciv-
ity and high low-field loss, increasing the energy consump-
tion of microwave devices. In the 1970’s and 1980’s, Amer-
ican scholars conducted a study on the magnetic anisotropy
of lithium ferrites used below the Ku-band frequency that had
guidance significance for applications of lithium ferrites at
higher frequency bands. In 1974, Argentina et al. inves-
tigated basic magnetic properties, insertion loss, and power
handing capability of lithium ferrites in latching applications
at frequencies in the S, C, X, and Ku bands, and compared
in these applications with nickel ferrites, magnesium ferrites
and garnets.[86] The results showed that low magnetization
(< 800 G) lithium–titanium ferrites with the best possible tem-
perature performance have inherently high anisotropy, which
is responsible for excessive low field magnetic loss. The
method used for reducing anisotropy in the lithium-ferrite sys-
tem compromises temperature performance but does result in
low loss. For a fixed magnetization, power handling capa-
bility, and loss, the Gd-YIG’s are less temperature sensitive
than low anisotropy lithium–titanium ferrites. Lithium fer-
rites are superior to the nickel ferrites and magnesium fer-
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rites used at frequencies in the X band and above. Improve-
ments on the order of 15%–50% in remanence ratio are ob-
tainable with the lithium-ferrite system in comparison with
other spinels. In 1982, Patton et al. studied the magnetization
of Li–Zn ferrite (Li0.5−x/2ZnxFe2.5−x/2O4) over the tempera-
ture range 4 K–950 K and the relations between magnetization
and temperature.[87] The results showed that magnetization at
20 kOe and 4 K increases with Zn content and then declines,
and a qualitative fit obtained for the JAB/JBB ratio in the range
3–4. The decrease of Curie temperature is linear from x = 0 to
x = 0.7, and then drops sharply to the low values for x = 0.9
and 1.0. In the same year, Brower et al. studied order-disorder
effects in the anisotropy of substituted lithium ferrite.[88] Co-
and MnCo-substituted Li ferrite revealed changes in K1 con-
current with ordering, which are much larger than those oc-
curring in pure Li ferrite. The spin wave line width ∆Hk also
exhibited large changes. This was because Co migrates to the
tetrahedral (A) sites and low level Mn substitutions modify Co
behavior.

In the last ten years, microwave devices have been de-
veloped toward miniaturization, low loss, and low cost, which
requires the microwave material applied in them to develop
in the direction of high frequency, low loss, and low cost.
In 2000, Pardavi-Horvath M systematically analyzed the mi-
crowave applications of soft ferrites.[89] To reduce porosity
and dielectric loss tangent, small amounts of Bi2O3 and MnO2

are added. Inclusion of Co increases the limiting power. Com-
mercial micro-strip circulators (TransTech) for the 6 GHz–
18 GHz frequency range are based on LiMnTi spinel ferrites
having good thermal stability. The paper stressed that poly-
crystalline materials could be affected by non-uniform mi-
crostructure, magnetic and dielectric loss. Some common de-
fects (pores, grain boundary, holes, other phases, and local
stress) can affect the magnetic and dielectric loss by reducing
initial permeability and increasing width and coercivity.

Lithium ferrites not only have excellent static magnetic
properties and microwave properties, but also have good di-
electric properties, in order to adapt to the low-loss and high-
performance microwave devices. In the last ten years, Indian
scholars have investigated dielectric properties of lithium fer-
rites and analyzed the effects of frequency and polarization
ions on dielectric constant and dielectric loss, finding that
controlling the content of Fe2+ could adjust dielectric con-
stant and dielectric loss. In 2002, Venudhar et al. prepared
lithium–cobalt ferrites (Li0.5−0.5xCoxFe2.5−0.5xO4) by the dou-
ble sintering technique, the final sintering temperature being
1100 ∘C.[90] Figure 36 shows the variation of dielectric con-
stant (ε ′) with frequency at room temperature for Li–Co mixed
ferrites. A close examination of the figure indicates that the
dispersion of ε with frequency reaches its maximum value in
the case of lithium ferrite and the magnitude of dispersion de-

creases as more and more Co is added, becoming a minimum
for the ferrite having 24% of Co.
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Fig. 36. Variation of dielectric constant with frequency for Li–Co mixed
ferrites at room temperature. (a) x=0 and x=0.05, (b) x=0.08 and x=0.12,
and (c) x=0.20 and x=0.24.

In 2003, Ravinder et al. studied the effects on dielectric
properties of lithium ferrites by germanium substitution at low
frequencies from 1 MHz to 13 MHz.[91] The dielectric con-
stant and dielectric loss tangent both decrease as the amount
of Ge increases but the dielectric loss tangent is abnormal and
shows a peak at 10-MHz frequency. In 2007, Gupta et al.
discussed dielectric and magnetic properties of citrate-route-
processed Li–Co spinel ferrites.[92] Figure 37 shows varia-
tion of dielectric constant for composition (a) x = 0.0, and
(b) x = 0.4 for Li0.5−x/2CoxFe2.5−x/2O4 as a function of fre-
quency at different sintering temperatures. Dielectric constant
(ε ′) for Li0.5Fe2.5O4 is greater than that for Li0.3Co0.4Fe2.3O4
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and Li0.2Co0.6Fe2.2O4. In the case of Li0.5Fe2.5O4, the num-
ber of ferrous ions is maximum value, and hence, it is quite
possible for these ions to polarize to the maximum extent. The
dielectric constant (ε ′) is observed to decrease with cobalt con-
tent up to composition x = 0.4 and then further found to in-
crease with increasing cobalt content. The lowest value of ε ′

for composition x = 0.4 is observed to be 11.2.
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Fig. 37. Variation of dielectric constant for composition (a) x = 0.0,
and (b) x = 0.4 for Li0.5−x/2CoxFe2.5−x/2O4 as a function of frequency
at different sintering temperatures.

In the same year, Verma et al. analyzed the influence of
silicon substitution on the properties of lithium ferrite.[93] The
article pointed out: increasing amount of silicon substitution
could promote grain growth. The dielectric constant and loss
tangent of mixed Li–Si ferrite both decrease with increasing
silicon concentration in the ferrite. Such variations in dielec-
tric properties are due to Fe2+ and Fe3+ concentrations on oc-
tahedral sites and electronic hopping frequency between Fe2+

and Fe3+ ions. In 2009, Verma et al. studied remarkable influ-
ence on the dielectric and magnetic properties of lithium fer-
rite (Li0.5ZnxTixMn0.05Fe2.45−2x O4, x = 0.00–0.30) by Ti and
Zn substitution.[94] The results indicate that with Ti and Zn
concentration increasing in the ferrite, the dielectric constant
significantly increases, the dielectric loss tangent decreases
and ac resistivity and dc resistivity both increase slightly.

In the past, bulk lithium ferrite materials were typically
investigated by conventional oxide ceramic processes, which
was due to the maturity of this technology, its simple equip-
ment and the low cost of raw materials. However, there are
some disadvantages: high temperatures make the single-phase

structure of ferrite materials difficult to control, resulting in
poor consistency between batches and difficulty in device in-
tegration for LTCF (low temperature co-fired ferrite) technol-
ogy. To further reduce the sintering temperature, a great many
scholars embarked on studies of nano-ferrites and thin films to
the requirements of IC integrated design for chip-based com-
ponents. However, the performance of thin film materials is
far from the requirements of applications, and it is difficult
to meet the material requirements of phased array radar mi-
crowave phase shifters in the short term. High surface activity
of ferrite nanopowders can help achieve low-temperature sin-
tering. The production methods of ferrite production are self-
propagating high-temperature synthesis, the sol–gel method
and the high energy mechanical milling method. In 1999, Cho
et al. prepared two ferrimagnetic oxides, Y2Gd1Fe5O12 and
Li0.3Zn0.4Fe2.3O4 using conventional solid state reaction, and
then modified by the sol–gel particulate coating process utiliz-
ing additives of MnO2 and SiO2, and investigated in conjunc-
tion with grain growth kinetics and grain boundaries.[95] In-
terestingly, the addition of small amounts of MnO2 and SiO2

using the sol–gel coating process led to different results for
the two magnetic materials. In the case of Y2Gd1Fe5O12,
the additives inhibited grain growth because Si-rich precipi-
tates were segregated along the grain boundary and exerted a
drag force against grain boundary movement. On the other
hand, the same additives acted as an accelerator for grain
growth by forming a glassy phase at the grain boundaries for
Li0.3Zn0.4Fe2.3O4. These results were correlated to observed
structural characteristics of the materials. In 2002, Gee et al.
synthesized nano-sized (Li0.5xFe0.5xZn1−x)Fe2O4 (0 ≤ x ≤ 1)
particles with high magnetic saturation and low coercivity by
energetic ball milling technique.[96] The results are as follows:
the ball milled, partially crystallized lithium zinc ferrite starts
to crystallize at about 600 ∘C.

The lithium zinc ferrite particle size was in the range of
20 nm to 50 nm. Regardless of the annealing temperature,
the saturation magnetization increases with x increasing and
reaches the maximum (about 80 emu/g) at x = 0.7, followed
by a decrease to 60 emu/g for x = 1. On the other hand, the co-
ercivity of x = 0.7 composition decreases with increasing an-
nealing temperature. In 2003, Yue et al. studied the magnetic
properties of titanium-substituted LiZn ferrites via a sol–gel
auto-combustion process.[97] The results indicate that the dried
gels can burn in a self-propagating combustion process in air to
transform into single-phase, nano-crystalline ferrite particles.
The low-temperature sintering was realized using the synthe-
sized powders, and the sintered ferrites had fine-grained mi-
crostructures and excellent magnetic properties. Appropriate
amounts of titanium substituted for Fe in LiZn ferrites could
significantly increase the permeability value. The prepared
LiZn ferrites were good materials for multilayer chip induc-
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tors. In 2008, Soibam et al. investigated effects of cobalt
substitution on the dielectric properties of Li–Zn ferrites by
sol–gel method. The study results are as follows: with the ad-
dition of Co2+ ions, lattice constant, sintering density, average
grain size and resistivity increase, and porosity and dielectric
constant decrease.[98] In 2009, Soibam et al. also studied Ni
substitution on the dielectric properties of Li-Zn ferrites by
the citrate precursor method.[99] The study results are as fol-
lows: lattice constant and dielectric constant decrease with the
increase of Ni substitution; the sample dielectric constant, di-
electric loss tangent and electrical conductivity increase with
temperature increasing. In the same year, Jiang et al. investi-
gated sintering characteristics of LiZn ferrites fabricated by
a sol–gel process.[100] The results indicate that when com-
pared with a traditional ceramic process, the sol–gel process
could slightly bring down the sintering temperature of LiZn
ferrite, whereas the microstructures are not homogeneous in
the sintered samples. The sintering mechanisms of LiZn fer-
rites sintered at 1360 ∘C were studied, revealing that during
sintering, solid mass transfer is dominant in the LiZn ferrites
fabricated by a traditional ceramic process, while in the gel-
derived ferrites, gas mass transfer is dominant. In 2010, Ab-
dullah Dar et al. studied the dielectric properties of nano-sized
pure and Al-doped lithium ferrite by the citrate gel auto com-
bustion method.[101] Figures 38(a) and 38(b) show the varia-
tion of the real and imaginary parts of the dielectric constant
of nano Li0.5AlxFe2.5−xO4 (0.0≤ x ≤ 0.4) ferrite samples with
frequency 50 Hz to 5 MHz at room temperature.

It can be observed that all the compositions exhibit di-
electric dispersion where both the real and imaginary dielec-
tric constants decrease rapidly with increasing frequency in the
low-frequency region, while it approaches almost frequency-
independent behavior in the high-frequency region. The de-
crease in the imaginary part of the dielectric constant is
more pronounced than in the real dielectric constant. From
Fig. 38(c), it is apparent that dielectric loss shows the peak-
ing nature for all the compositions, and a slight shift in these
maxima is observed. It is also noted that the height of the peak
decreases with the increase in Al concentration.

Microwave ferrites demand low ferromagnetic resonance
line width and low dielectric loss. According to the current ap-
plication situation, microwave ferrite shifters are in great de-
mand, and they require ferrites with low loss, and a unit length
of ferrite ring maintains a sufficient differential phase shift.
Thus, the ferrite materials need to have a high gyro-magnetic
property (high saturation magnetization) to reduce the volume
and insertion loss of ferrite phase shifters. However, in a cer-
tain frequency band, high saturation magnetization material is
not conducive to improving the high power of shifters. It is
necessary to determine suitable saturation magnetization ac-
cording to the situation of phase shifter load power and satura-

tion magnetization normalization. Ion replacement is a com-
mon method adopted to adjust the saturation magnetization of
lithium ferrite in different microwave frequency bands.
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Fig. 38. Variation of (a) real, (b) imaginary part of dielectric constant
and (c) loss tangent of Li0.5Fe2.5−xAlxO4 as a function of frequency.

In terms of X-band, the common substitution is Ti4+,
Zn2+, and Al3+ ion replacement.[102–104] Non-magnetic Ti4+

ion substitution has been found to cause a substantial de-
cline in magnetization, which can be attributed to the molec-
ular magnetic moment decrease caused by Ti4+ ions enter-
ing octahedral sites sublattice of lithium ferrite. Therefore,
Ti4+ ion substitution is not conducive to produce high satu-
ration magnetization ferrites. Non-magnetic Zn2+ ions eas-
ily enter the magnetic moment of tetrahedral sites, which
causes the magnetic moment of A site sub-lattice to decrease
and the magnetic moment of B site sub-lattice to increase.
Then, the molecular magnetic moments of Li ferrite increase,
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thereby enhancing the ferrite materials saturation magnetiza-
tion. However, excessive Zn2+ ions substitution can weaken
the strength of A–B exchange interaction Fe3+

(A)
–O2−–Fe3+

(B),
which cause saturation magnetization and Curie temperature
to decrease.[105,106] Therefore, adequate Zn2+ ions substitu-
tion in lithium ferrite, which can be prepared for high gyro-
magnetic ferrite material, is adopted as the material applied for
Ka-band ferrite phase shifter. In addition, Zn2+ ions can effec-
tively reduce the ferrite material magnetic anisotropy constant,
coercivity and ferromagnetic resonance line width, and Zn2+

ions substitution can promote the ferrite material densification
and grain growth to a certain extent.[107] LiZn ferrite, which
performs a wide range of variable saturation magnetization,
high Curie temperature, low stress sensitivity, and low fabri-
cation cost, is apt to be fabricated into microwave/millimeter
wave devices, e.g., ferrite phase shifter. Ka-band ferrite phase
shifter is a crucial component of phase array radar, and the
LiZn ferrite applied in it should have excellent gyro-magnetic
property (high saturation magnetization), good soft magnetic
property (low coercivity), and a rectangular characteristic
(high remanence ratio). Furthermore, low microwave losses
(low ferromagnetic resonance line width and dielectric loss)
are required to reduce insertion loss. However, LiZn ferrites
have the difficulties of densification sintering, which are de-
manded doping and replacements with other ions or to be sin-
tered at high temperature (∼ 1160 ∘C). High temperature sin-
tering could improve material density and saturation magneti-
zation, and reduce coercivity. But sintering over 1000 ∘C, the
equilibrium oxygen partial pressure of ferrite surface is larger
than atmospheric pressure, which causes the ferrite oxygen de-
composition, Li2O evaporation and Fe2+ ions emergence. As
a result, the probability of electronic transition between Fe2+

and Fe3+ increases, dielectric loss significantly increases, and
resistivity substantially declines.[108] In order to reduce the ef-
fect of Li2+ ion volatilization, Teo et al. and Zhao et al. added
a low melting point material (Bi2O3) by liquid phase sintering
to reduce the sintering temperature to about 1000 ∘C.[109,110]

Meanwhile, Luo et al. investigated Li-excess formulation to
compensate for Li volatilization and got good results.[111]

To sum up, a great many scholars proposed various
ways of improving lithium ferrite materials’ magnetic and mi-
crowave properties, which laid a good foundation for applying
lithium ferrite materials to microwave ferrite devices (such as
ferrite phase shifter) at higher frequencies.

6. Conclusions
LTCC technology has played a key role in most device

systems and will continue to do so as it provides a unique
multilayer structural system and frequency-selective proper-
ties. The development and understanding of ferrite materials
was one of the successes of physics and chemistry in the 20th

century and continuing research is required to provide excel-
lent materials in the millimeter-wave and microwave range.
We introduced a novel LTCC ferrite material suitable for mi-
crowave and millimeter-wave applications. In all cases, im-
proving properties, lowering the sintering temperature and in-
creasing integration will continue to be required. Only these
properties can assure that real multilayer components can be
produced.
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