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In the previous studies, dielectric materials with high permittivity and high sintering temperature, which are similar
with that of the ferrites, have always been chosen to make
the multiphase coﬁred ceramics together with various kinds
of ferrites. Thus, the sintering temperature of the composite
ceramics is usually high, because few ferrites can be sintered
below 900°C. Meanwhile, these composites always show
much larger permittivity than the permeability. Furthermore,
during the sintering process, with the grain growth, the
increased internal stress between the two phases of dielectric
and ferrite can lead to some unusual phase transition or
interfacial eﬀect which may cause unpredictable impact on
the dielectric and magnetic performance.17 If an ultralowtemperature-sintered microwave dielectric material can be
found to coexist with a ferrite at its own sintering temperature, then a magneto-dielectric ceramic composite with ferrite
grains uniformity dispersed into the fully developed dielectric
grains can be expected by adjusting the proper proportion of
the two phases. This kind of novel composite will have stable
and similar permittivity and permeability which seems like
the polymer-based composite materials. Meanwhile, the volume fraction upper limit, the heat-deformation temperature
will all be largely improved. Furthermore, the very low sintering temperature may be another potential advantage for
its LTCC technology application.
In our previous works, an orthorhombic microwave dielectric ceramic Li2MoO4 (LMO) with ultralow sintering temperature (540°C) has been reported.18 Compared with the
commonly used polymer substrate materials, such as the
Polyvinylidene Fluoride (e0 = 6.85, tan de = 0.21 @1 MHz,
e0 = 2.47, tan de = 0.044 @5 GHz),19 LMO shows similar
permittivity and much lower dielectric loss (e0 = 7.14,
tan de = 0.09 @1 MHz, e0 = 5.5, tan de = 2.83 9 104
@13 GHz). Ni–Zn ferrite is a series of good magnets with
very high permeability and very low magnetic loss below the
cut-oﬀ frequency, and it is often used to produce various of
magnetic composites.20 Here, we have prepared homogeneous coﬁred ceramic composites by dispersing Ni0.5Zn0.5Fe2O4 (NZO) particles into LMO and sintering them
together at low temperature. These results provide a useful
approach to fabricate low-temperature-sintered magnetodielectric ceramic composites and to facilitate their applications in ﬁlters, antennas, and EMI device, and other relative
ﬁelds. The processing route, sintering behavior, microstructures, and dielectric and magnetic properties of the ceramics
are presented in details in the following sections.

The coexistence of Li2MoO4 (LMO) and Ni0.5Zn0.5Fe2O4
(NZO) has been proven and their low-temperature-sintered
magneto-dielectric composites (1 – x)LMO–xNZO (volume
fraction factor x = 0.1, 0.3, 0.5, 0.7) were prepared by the conventional solid-state reaction method and were sintered below
700°C. It is found that the optimal sample (x = 0.5) has good
and relatively stable magneto-dielectric performance in the
frequency range from 10 MHz to 1 GHz with permittivity
between 7.14 and 6.84, dielectric loss tangent between 0.09 and
0.02, and permeability between 5.23 and 3.30, magnetic loss
tangent between 0.06 and 0.65, respectively. Furthermore, the
verified chemical compatibility with silver indicates that the
LMO–NZO ceramics are potential for low-temperature cofired
ceramic application and their multifunctional magneto-dielectric properties also make them for potential applications in
electronic devices.

I.

T

Introduction

magneto-dielectric materials have been widely studied
in recent years to meet the requirements of circuit
dimension shrinking and high level of passive integration.1–3
Generally, the polymer-based composite and the multiphase
coﬁred ceramic are the two main important ways which are
commonly used in preparation of the magneto-dielectric
materials.4,5
The composites based on the polymer matrix always have
low magnetic and dielectric loss tangents with similar values
of permittivities (e0 ) and permeabilities (l0 ) within a certain
frequency range.1,2,6–9 These materials with both high inductive and capacitive have been identiﬁed to be an enabling
solution to fabricate miniature ﬁlter and antenna, electromagnetic interference (EMI) devices and so on. However,
due to the low melting temperature of the polymer matrix,
the derived composites can hardly be used at high-temperature range above 200°C.10 Compared with the polymer-based
composites, the ceramic-based composites always show much
higher dielectric and magnetic losses with the permittivities
much larger than the permeabilities. Furthermore, most of
the reported magneto-dielectric ceramic materials have very
high sintering temperature (>900°C), which limits the potential of the materials for the low-temperature coﬁred ceramic
(LTCC) application.11–16 Therefore, new kinds of low-temperature-sintered magneto-dielectric ceramic with higher values of e0 and l0 , and very low magnetic and dielectric loss
tangent are desirable.
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Experimental Procedure

Li2MoO4 (LMO) was prepared from reagent-grade LiCO3
and MoO3, which were mixed and then calcined at 540°C for
4 h. Ni–Zn ferrite with a composition of NZO was prepared
from reagent-grade NiO, ZnO, and Fe2O3, which were mixed
and then calcined at 1000°C for 4 h. All the starting materi-
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als were from Sinopharm Chemical Reagent, Shanghai,
China and their purities are higher than 99%. According to
diﬀerent mass ratio, LMO powder and NZO powder were
mixed together and remilled in ethanol with ZrO2 as the milling media using a planetary mill (Nanjing Machine Factory,
Nanjing, China), and then the obtained ﬁnal powder mixtures were pressed into disks and rings after adding 5 wt%
polyvinyl alcohol. Final sintering was carried out at 650°C–
690°C in air for 2 h. It was found that the densities of the
ceramic composite increased with the increasing of the sintering temperature, however, the samples began to melt at
above 690°C. Therefore, the sintering temperature of all the
samples in this experiment was set to 685°C. To study the
chemical compatibility with Ag, ceramic samples were
ground and mixed into composites with 20 wt% Ag powders, and then sintered at around 680°C for 2 h.
The crystalline structures of samples were investigated
using X-ray diﬀraction with CuKa radiation (RigakuD/MAX2400X-ray diﬀractometer, Tokyo, Japan). Microstructures of
the sintered ceramics were observed on the fracture surfaces
with scanning electron microscopy (SEM) (Quatan250FEG;
FEI, Hillsboro). The DC resistivities of the ceramics were
measured by a high-resistance meter (4339, Hewlett Packard,
Palo Alto, CA) with a component test ﬁxture (16339A) at
room temperature. The dielectric properties of the ceramic in
the low-frequency range (100 Hz–1 MHz) were measured by
an impedance analyzer (4980, Agilent, Palo Alto, CA). The
dielectric and magnetic measurements in higher frequency
range (1 MHz–1 GHz) were carried out by an impedance
analyzer (4291B, Hewlett Packard, Palo Alto, CA) with a
dielectric material test ﬁxture (16453A) and magnetic material
test ﬁxture (16454L), respectively. The magnetic hysteresis
loops of the composites were measured by a vibrating sample
magnetometer (VSM-7307; Lake Shore, Westerville, OH).

III.

Results and Discussion

The XRD pattern in Fig. 1 shows the LMO–NZO ceramic
with 50% NZO concentration sintered at 685°C. It can be
seen that in the composite there is no any other phase being
detected besides the main phases of LMO and NZO, indicating that the two phases can exist individually and display
very good chemical compatibility at 685°C. Figure 1 contains
the SEM micrographs of the LMO–NZO composites with

diﬀerent NZO concentration, and the two phases can be distinguished clearly by the diﬀerent particle size. After the ball
mill mixing process, the particle size of both LMO and NZO
starting powders is about 1 lm. For the sintering temperature is higher than that of the LMO (540°C)18 but much
lower than that of the NZO (1300°C),20 the NZO particle
size is little-changed in each composition, whereas the grain
size of LMO is signiﬁcantly increased (about 20 lm when
x = 0.1 @685°C) during the sintering process. Furthermore,
the more NZO a sample contains the smaller LMO grain size
it shows, because the NZO grains absorb more heat and they
separate and limit the growth of the LMO grains during the
sintering process. The microstructures of the composites exhibit apparent concrete-like morphologies with the uniformly
distributed individual smaller NZO particles being
surrounded by lager LMO matrix.
Figure 1 also presents the bulk densities and the relative
densities of the LMO–NZO ceramics sintered at 685°C as a
function of the volume fraction factor x. The sintered pure
LMO ceramic has a bulk density of 2.895 g/cm3 and a relative density of 95.5% at 540°C. With the increasing of x
value, the bulk density of the LMO–NZO ceramic increased
because the NZO has larger bulk density of 5.3 g/cm3. However, the relative density decreased comparing with the calculated theoretical density because the increase content of the
NZO particles disturbed the interaction between each developing LMO grains as mentioned before. Therefore, with the
increasing of x value, the LMO grains become smaller and
the relative density also decreases which are in consistent
with the experimental results. In other words, the excessive
NZO will lead to a decrease densiﬁcation of the composite
ceramics. It can be seen that the densities of composites are
all more than 90% (x ≤ 0.5), indicating that these composite
ceramics are dense and well sintered at this temperature.
Figure 2 shows the frequency dependence of permittivity
and dielectric loss of the composites with diﬀerent NZO concentration in a very wide frequency range from 100 Hz to
1 GHz. For each component, the relative permittivity and
dielectric loss are very high in low test frequency range. They
decrease with the increasing of test frequency and ﬁnally
become almost constant in higher frequency range
(>10 MHz).
At lower frequency, the permittivities of the composites
are very high and the frequency dispersion of permittivities is

Fig. 1. The bulk densities and the relative densities, the calcined XRD patterns and the 685°C sintered SEM micrographs of the (1x)LMO–
xNZO ceramics.
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Fig. 2. The frequency dependency of dielectric properties of the (1x)LMO–xNZO ceramics in wide frequency range from 100 Hz to 1 GHz.

(a)

(b)

Fig. 3. (a) The room-temperature DC electrical resistivity and (b) the experimental data and calculated permittivities of the (1x)LMO–xNZO
ceramics.

stronger with the increase in the NZO concentration. With
frequency increasing, the permittivities are becoming smaller
and not very sensitive to the NZO concentration as that
observed at lower frequencies. According to the two-layer
model of Maxwell–Wagner interfacial polarization,21 the
space charge polarization arises in the inhomogeneous structure dielectric materials. The NZO grains with relatively
higher conductivity are dispersed in the higher resistive LMO
substances. This causes the localized accumulation of charges
under the inﬂuence of electric ﬁeld, which results in the interfacial polarization and seriously inﬂuenced the low-frequency
permittivities. At higher frequencies, the interfacial polarization cannot follow the quickly alternating ﬁeld, which causes
an obvious decrease of the permittivity. Therefore, a decrease
in permittivity can be observed with the frequency increasing.
The dielectric loss always can be described by the following Debye formula:12
D ¼ DP þ DG ¼

ðeS  e1 Þxs
c
1
þ
eS e1 ;
eS þ e1 x2 s2 xe0 e1 þ 1þx
2 s2

(1)

where D is the total dielectric loss, DP is the polarization loss
and DG is the leakage loss, s and c refer to the relaxation
time and the conductivity, whereas the e0 and e∞ denote the
relative permittivity of state electrical ﬁeld and optical frequency, respectively. When the test frequency is very low
(x?0), the polarization loss DP is close to zero, and in this
case, the dielectric loss which almost attributed to the leakage loss and can be approximately described as

Dﬃ

c
:
xe0 eS

(2)

Thus, the dielectric loss is inversely proportional to the test
frequency in the low-frequency range. Furthermore, according to the expression (2), the low-frequency dielectric loss
will also be seriously inﬂuenced by the conductivity of the
materials. Figure 3(a) shows the room-temperature DC electrical resistivity as a function of the x value. With the
increase in the x value, the DC resistivity of the ceramics
presents an exponential decrease, which can be attributed to
the continuous increase in higher conductivity NZO particles.
This result can be used to explain the rapidly increasing of
dielectric loss with x value in the low-frequency range.
The Maxwell–Garnett (MG) rule [Eq. (3)], the Bruggeman
rule [Eq. (4)], and the Lichtenecker logarithmic rule [Eq. (5)],
are all the classical mixing rules to predict the eﬀective permittivity of a two-phase mixture.22,23
eeff ¼ e2 þ 3v2 e2

v1

e1  e2
e1 þ 2e2  v2 ðe1  e2 Þ

e1  eeff
e2  eeff
þ v2
¼0
e1 þ 2eeff
e2 þ 2eeff

lgeeff ¼ v1  lge1 þ v2  lge2

(3)

(4)
(5)

where eeﬀ, e1, and e2 are the eﬀective permittivities of the
composite and the two diﬀerent dielectric materials, and v1
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Fig. 4. The magnetic hysteresis loops of the (1x)LMO–xNZO
ceramics in the magnetic ﬁeld range of 10 000 to 10 000 Oe and
30 to 30 Oe.

and v2 are the volume fractions of the corresponding materials (v1 + v2 = 1), respectively.
In this study, the calculated results obtained by these models are used to compare with the measured results as shown
in Fig. 3(b). The diﬀerences between the three calculated
results are due to the diﬀerent applications cope of these
models. Generally, the MG rule is commonly used in composites with a small amount of ﬁllers randomly dispersed
into a host material. The Bruggeman rule is applied in compounds where two randomly distributed phases have similar
morphologies. While the Lichtenecker formula is an empirical rule, which is suitable for composite materials aligned
randomly. When the content of NZO is low, the measured
results ﬁt well with the model curves. However, with the
increase in x value, the composite materials show smaller
permittivity than the calculated value. That is mainly due to
the gradually decreasing densiﬁcation, as shown in Fig. 1,
which caused the decrease of the composite permittivity in
higher ﬁller concentration.
Figure 4 shows the magnetic hysteresis loops of the (1x)
LMO–xNZO composites with diﬀerent x value. It can be
seen that the saturation magnetization (MS) and the remnant
magnetization (Mr) increase with the increasing of the NZO
content, as expected, because these parameters depend on the
total mass of the magnetic material. The reduction of the MS
values is mainly due to the dilution of the magnetic component.24 The coercivity (Hc) always keeps constant with the
variation of NZO content, which indicates that the NZO
grains in all the samples have very similar microstructure
and surface morphology.10
The frequency dependence of the magnetic properties of
the (1x)LMO–xNZO composite with diﬀerent x value is
(a)

Fig. 6. The backscattered electron images and the XRD patterns of
the 0.5LMO–0.5NZO + 20 wt% Ag sintered at 680°C for 2 h.

shown in Fig. 5(a). It can be seen that the initial permeability
and magnetic loss of the composite increase with x value
increasing. Meanwhile, when the NZO content is not more
than 50%, each curve shows good frequency stability and
relatively low magnetic loss within 1 GHz.
It is well-known that the initial permeability (li) of ferrite
is strongly aﬀected by MS, crystal magnetization anisotropy
(K1), magnetostriction constant (kS), and internal stress (r),
and thus it can be expressed as in the following equation:
li ¼ M2S =ðaK1 þ bkS rÞ;

(6)

a and b are constants.25 In the LMO–NZO composites, as
mentioned before, the NZO grains have very similar microstructure and surface morphology, thus the K1, kS, and r
will have little impact on the initial permeability and can be
all regarded as constants. Accordingly, the Eq. (6) can be
simpliﬁed as
li ¼ M2S =C;

(7)

which ﬁts well with the measured results (C = 350) as the
inset shown in Fig. 5(a). Furthermore, according to the
Snoek’s law,26 the product of the initial susceptibility and
resonance frequency is constant for ferromagnetic material,
that is, (li–1) 9 fr = c/2pMS, where fr is the cut-oﬀ frequency, and c is the gyromagnetic ratio. The increase in
the NZO concentration will cause the increase of MS as
well as li, thus a decreasing cut-oﬀ frequency with the
increasing NZO concentration can also be expected.
(b)

Fig. 5. (a) The frequency dependency of magnetic properties of the (1x)LMO–xNZO ceramics in the frequency range of 10 MHz–1 GHz, and
(b) Curve ﬁtting of the dependence of eﬀective permeability(l0 ) on volume fraction (p) and demagnetizing factor (Nd), based on the Maxwell–
Garnett mixing law, respectively.
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For illustration and comparison, the theoretical calculations
of the permeabilities using the well-known MG mixing law:
leff ¼

ðli  1Þp
þ1
ðli  1Þð1  pÞNd þ 1

(8)

where Nd is the demagnetizing factor of the ﬁllers, p is the
volume fraction, and li is the initial permeability of the bulk
magnetic materials.27,28 For the two-phase composite of
spherical ferrites and nonmagnetic host matrix, the demagnetizing factor Nd is equal to 1/3, and the calculated data is
shown by the blue-dash curve in Fig. 5(b). However, the
measured results are a little higher than the calculations. It
can be seen in the SEM micrographs that the calcined NZO
grains are not precisely spherical, but composed of angular
grains with rough surfaces. Therefore, compared with the
regular spherical ﬁllers, the angular NZO grains are likely to
cause the change in the aspect ratio as well as the demagnetizing factor Nd. The calculated curve with Nd equals to 0.24
ﬁts well with the experiment results which indicates the NZO
grains have smaller aspect ratio than the ideal spherical magnetic ﬁllers.
For the LMO and NZO ceramics, they have already been
proven to not react with silver, respectively, the chemically
compatible with Ag of their composite can also be expected.
Figure 6 presents the XRD patterns and backscattered electron image of 0.5LMO–0.5NZO composite ceramic coﬁred
with Ag at 680°C for 2 h. Both the XRD patterns and the
back scattered electron image analysis reveal that the reaction of low-ﬁred LMO–NZO ceramics with Ag electrodes did
not occur. And therefore, the coﬁring of LMO–NZO ceramics with silver electrodes is feasible.

IV.

Conclusions

Ceramics of LMO and NZO diﬀering widely in the sintering
temperature are proved to be sintered together at 685°C without any chemical reaction in between. Therefore, the low-temperature sintering and the good dielectric properties of the
microwave dielectric materials LMO as well as the good magnetic properties of the ferrite NZO can be integrated together
into a multifunctional material of (1x)LMO–xNZO composite ceramics. The samples (x ≤ 0.5) possess both good and
stable magneto-dielectric properties in the frequency range
from 10 MHz to 1 GHz with acceptable good densities. In
this study, a novel design thought of selecting low-temperature sintering microwave dielectric ceramic as matrix are put
forward. Compared with the polymer-based composites, the
heat-deformation temperature of the ceramic-based composite
material is signiﬁcantly increased. Meanwhile, the volume
fraction upper limit and the comprehensive magneto-dielectric
properties have been improved. Furthermore, the chemically
compatibility of the 680°C sintered ceramic with silver has
also been veriﬁed. The LMO–NZO composite ceramics with
stable magneto-dielectric properties for integrated electronics
are a kind of suitable candidates for the low-temperature coﬁred ceramic technology application.
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