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The drastic change of properties near the percolation threshold usually limits the practical applications of
percolative composite materials. In this work, a tri-phase system, i.e. a BaTiOs (BTO)/NigsZnosFe,O4
(NZFO)/BaFe;,0,9 (BFO) ceramic composite, is proposed and investigated in detail. The BFO phase was
in situ formed during a hybrid process of sol-gel and self-combustion methods. The content of the BFO
phase could be tuned conveniently by controlling the preparation conditions. The as-prepared BTO/
NZFO/BFO tri-phase composite exhibited unprecedented stable dielectric properties that were distinct
from those of conventional percolative composites above the percolation threshold due to the existence
of a third phase. When the volume fraction of the NZFO phase exceeds 55%, the electrical conductivity
and effective permittivity of the composite remain at a stable value of about 107> S cm™! and 10 000,
respectively, which is almost independent of the composition. Such behavior is the result of the
synergistic control effect of the percolation effect and specific phase composition in the system. It is
evident that the stability of the dielectric properties of the composite is chiefly contributed by the
introduction of the BFO phase. Meanwhile, the composite exhibited a relatively high permeability of ~17
with 90% NZFO loading, and its saturated magnetization is larger than 73 emu g™, approximately 95% of
the pure NZFO phase. The finding of our BTO/NZFO/BFO tri-phase ceramic composite with stable giant
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Introduction

Many efforts have been devoted to the investigation of multi-
ferroic materials both experimentally and theoretically due to
their capability to satisfy the fast growing demands in advanced
electronic devices, such as memory devices with multi-state
data storage, solid-state transformers and high sensitivity
magnetic  field  sensors."®  Ferroelectric/ferromagnetic
composite materials are potential candidates to meet the
requirements of miniaturization and multi-functionality in
next-generation electronic devices. For example, integrated
capacitance-inductance elements and anti-electro-magnetic
interference (anti-EMI) filters usually require more space
saving in circuit boards or replacement of passive filters
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permittivity and extremely high permeability paves a new way to solve the difficulty of property instability
above the percolation threshold in the utilization of percolative materials.

constructed from separate capacitance and inductance
elements in order to realize the purpose of miniaturization and
multi-functionality simultaneously. However, according to the
composite law, the capacitance and inductance characteristics
with respect to the corresponding constituent phases are
dependent on their relative volume fraction in the system. In
this scenario, the contribution of the ferroelectric phase would
get inevitably undermined if the content of the ferromagnetic
phase further increases, or vice versa. Once a nonmagnetic
phase has been introduced into the system, the magnetic
particles could be blocked or isolated, leading to lower perme-
ability. The same situation may also occur when excessive
ferromagnetic phase has been introduced into composite,
giving rise to a decreased permittivity. Zhang's group reported
a  BaTiO3;-Nig,Cug,Zn, ¢Fe,0,  ferroelectric/ferromagnetic
composite prepared by solid phase synthesis method, neither
the permittivity nor the permeability of which was satisfactorily
high as anticipated although a combination of both dielectric
and magnetic properties could be obtained. In particular, when
30% BaTiO; had been added, the permittivity of the composite
was reduced to lower than 40 and the permeability was only
around 10.” Therefore, limited by the composite law of such
systems, it is still quite challenging to prepare composites with
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both satisfactorily high dielectric and magnetic properties. To
solve this problem, materials scientists have tried to utilize
percolation effect to avoid the negative influence of the
composite law and have successfully obtained a number of
percolative composites that could exhibit giant permittivity and
high permeability simultaneously.®® Representatively, Carlos
Pecharroman et al carried out many systematic studies
involving the Ni/BaTiO; percolative system' and C. J. Won
discovered that the Ni,MnGa/BaTiO; composite system also
exhibited percolative behavior with a percolation threshold of
0.4.'* By varying the concentration and types of the ferrite fillers,
it is feasible to prepare different percolative materials with
diverse properties.

The debut of percolative composites undoubtedly casts light
on the design of novel functional materials. However, some new
problems are still unsolved for such systems. One of them
involves the instability of properties near the percolation
threshold (f;) as they usually exhibit a nonlinear behavior at this
critical point. It is well known that the conductivity (¢) and
permittivity (¢) of the composites would increase to a consider-
able extent following a scaling law near f., which is usually
expressed as:*"

oxop(fe=N"S<f 1)

8180"/C7f
fe

where fis the volume fraction of the ferromagnetic phase, g the
critical index, op, and ¢, are the conductivity and permittivity of
the ferroelectric matrix, respectively. In typical percolative
composites, the momentum of dielectric properties would be
waning obviously above the percolation threshold. Although the
percolation threshold could be elevated to a larger value for
some systems,™ it is still challenging to find the exact value of f.
and how to elevate it due to the complexity of physics in these
composites, which usually leads to different values of f. in
different systems.'*'* Obviously, the instability of properties in
the vicinity of f, is not acceptable for practical applications.
Generally, the permittivity and conductivity of a percolative
composite will increase sharply and nonlinearly near percola-
tion threshold f., and their dependence on the volume fraction
of the conductive phase near f. abides by the scaling law as
described by eqn (1) and (2). In conventional percolative NZFO/
BTO system, the NZFO ferrite phase is a typical semiconductor
with lower conductivity compared with general percolative
fillers such as metal particles.™ It is well known that the
percolation threshold is achieved once the conductive particles
begin to connect with each other, leading to a steep increase in
the permittivity and conductivity of the composites due to the
formation of percolation paths. Therefore, if using semi-
conductive NZFO ferrite as the conductive phase, the percola-
tion threshold of the composite will increase most probably to
a higher value compared with those of conventional percolative
composites.''*> Moreover, in the composite prepared by liquid
enwrapping method, Ba-rich layers with relatively high resis-
tivity would easily enwrap and separate the semiconductive
NZFO particles, preventing the formation of conductive paths

S <fe (2)
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between the ferrite particles. As a result, the percolation
threshold would generally shift to even higher values such as f.
= 0.8 — 0.9 in this case.">*®

Our previous work revealed that the BTO/NZFO composite is
a typical percolative system with super high percolation
threshold and resultant giant permittivity and high perme-
ability.***>*7'® It should be pointed out that due to the fast
nonlinearly increment in the electrical properties in the vicinity
of the percolation threshold, some inconvenience will be
brought to the practical applications of the composite mate-
rials. The inability of properties is a big problem especially
under the circumstances where huge change in properties is not
acceptable.

Hereby, we propose a feasible way of solving the difficulties
of property instability near the percolation threshold of perco-
lative composites. For the BTO/NZFO composite system, the
ionic interdiffusion or chemical reactions are exploited during
the sintering process to facilitate the formation of additional
phase such as barium ferrite (BaFe;,0;0) in the composite,
a commonly used microwave absorbing materials, has also
been widely investigated.'*~>* With the formation of this phase,
a Debye platform appears in the permittivity-frequency curve of
the composite, which is quite distinctive from that of traditional
percolative ceramic composites especially at low frequency. In
this work, we report the impressively stable dielectric and
magnetic properties of the BaTiO3/Ni,sZn,sFe,O, ceramic
composite coexisting with the BaFe;,0,9 phase. The physical
mechanism behind this behavior is also investigated in-depth
theoretically.

Experimental
Samples preparation

(i) The preparation of Nickel-Zinc ferrite powder. Nickel-
Zinc ferrite powder was prepared by self-combustion method
with iron nitrate (Fe(NOj;);-9H,0), zinc nitrate (Zn(NOj),-
-6H,0), nickel nitrate (Ni(NO3),-6H,0) as starting materials
and glycine and deionized water as solvents. The composition
of Ni-Zn ferrite was fixed as Nig sZn, sFe,0,. The 80.8 g iron
nitrate, 14.9 g zinc nitrate and 14.5 g nickel nitrate (according to
stoichiometric ratio of NijsZn,sFe,0,4) were dissolved into
deionized water and 33.4 g glycine was added as combustion
promoter. After being stirred for 2 h, the precursor solution was
obtained. The solution was heated in an oven until it sponta-
neously combusted and turned into puffed brown powder
finally. The powder was ground and sieved for the next step.

(ii) The preparation of barium titanate solution. Acetic acid
(CH3;COOH), barium acetate (Ba(CH;COO),), tetrabutyl titanate
(Ti(OC4H,),) and ethylene glycol monomethyl ether (CHs-
OCH,CH,0H) were used as raw materials to prepare barium
titanate solution. 25.5 g Barium acetate was initially dissolved
with small amount of acetic acid under heating and stirring,
and then cooled naturally to room temperature. 34.0 g tetra-
butyl titanate was dissolved in ethylene glycol monomethyl
ether to form precursor solution and then mixed with the
aforementioned barium acetate solution in order to prepare
barium titanate solution.

This journal is © The Royal Society of Chemistry 2019
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(iii) The preparation of XNZFO/(1 — x) BTO. The Ni-Zn ferrite
powder prepared by self-combustion method was poured into
as-prepared solution slowly according to the chemical formula
of XNZFO/(1 — x) BTO with a series of molar ratio x = 1.0, 0.9,
0.8, 0.7, 0.5, 0.3, 0.1 and dispersed ultrasonically to avoid the
agglomeration of the NZFO particles. During this process, the
NZFO particles will be surrounded by barium titanate sol and
turn into gel ultimately. The gel was dried and pre-sintered at
600 °C for 1 h to obtain the composite powder. The pre-sintered
powder was added 5% PVA, ground and sieved with 600 mesh
for granulation. The powder was pressed into annular under an
uniaxial pressure of 200 MPa and sintered at 1300 °C for 10 h,
then naturally cooled down to room temperature.

Characterization

The density of the samples were measured and calculated using
conventional Archimedes method. The surfaces of the samples
were polished for XRD observation and phase analysis
(RIGAKUD/MAX-C type X-ray diffractometer, Cu Ko, Tokyo,
Japan.). SEM microscopy was performed to investigate in the
microstructure and morphology of the composites using
SIRION-type field emitting scanning electron microscope (Japan
FEI Corporation). Before the test of electrical properties, the
polished samples were cleaned ultrasonically and painted with
silver electrodes. The dielectric properties were analyzed by
Precision Impedance Analyzer (HP4294A-LRC) between 100 Hz
and 1 MHz. The magnetic hysteresis loops were measured by
Vibrating Sample Magnetometer (VSM, USA). The frequency
dependence of permeability was measured by Agilent 16451B
precision impedance analyzer (Palo Alto, CA) between 100 kHz
and 110 MHz.

Results and discussion

Fig. 1a shows the XRD patterns of the ceramic composite
xNZFO/(1 — x) BTO sintered at 1300 °C for 10 h with different
molar contents of NZFO ferrite (x = 0.1, 0.3, 0.5, 0.7, 0.9). It can
be seen that there are three constituent phases, i.e. NZFO, BTO
and BFO, coexisting in the composite. The peak intensity of the
BTO phase decreases gradually with the increase in x, which is
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opposite to the fast increment in that of the NZFO phase.
Meanwhile, the peak intensity of the BFO phase also increases
with increasing x as shown in Fig. 1a. Fig. 1b shows the XRD
patterns of the composite with x = 0.9 sintered at 1300 °C for
1 h, 5 h and 10 h, respectively. It demonstrates that the peak
intensity of the BFO phase declines to a large extent with the
prolongation of calcination time.

The XRD patterns show that the composite is constituted by
perovskite BTO phase, magnetoplumbite BFO phase and spinel
NZFO phase. Among these phases, the BFO phase is formed in
situ and exists as a third constituent phase in the composite,
leading to the formation of a completely new tri-phase
composite. The formation of the BFO phase could be attrib-
uted to two mechanisms during the sintering process. The first
one is the elemental interdiffusion and reactions between the
ferroelectric BTO phase and the ferromagnetic NZFO phase,
which would inevitably occur during the calcination process.**
Since the formation of BFO needs more Fe source than Ba
source, the increase in NZFO content would facilitate the
generation of BFO in the composite. As a result, an increment in
the volume content of BFO was observed with the increase of x,
as illustrated in Fig. 1a. The second mechanism is the chemical
reaction between BaTiO; and a-Fe,03, which usually exists in
BTO/NZFO composite that underwent a pre-sintering process.>*
The formation of a-Fe,O; is closely related with NZFO content.
In this case, as x increases, abundant Fe source results in the
formation of more a-Fe,0; and further more BFO due to more
reactions between a-Fe,O; and the BTO phase in the final sin-
tering process. It indicates that the existence of NZFO ferrite
may promote the formation of BFO phase. Moreover, the
content of BFO can be tuned easily by controlling the calcina-
tion time. As shown in Fig. 1b, longer sintering time would
reduce the content of the BFO phase in the composite, which
means the composition of the tri-phase composite is artificially
controllable. The reduction in the peak intensity of BFO in the
composite with longer duration supports the prediction that the
BFO phase is formed via the elemental interdiffusion between
BTO and NZFO, because the transportation of the constituent
elements requires sufficient time, thus longer duration ensures
the diffusion of the Ba and Fe elements into the interior of the
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(a) XRD patterns of the tri-phase ceramic composite with x = 0.1, x = 0.3, x = 0.5, x = 0.7 and x = 0.9 sintered at 1300 °C for 10 h; (b) XRD

patterns of the ceramic composite with x = 0.9 sintered at 1300 °C for 1 h, 5 h and 10 h, respectively.
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crystals to form solid solution rather than form a third phase.
More clearly, sufficiently long sintering time results in the
diffusion of the constituent elements and finally the formation
of the BTO and NZFO phase without BFO phase. It has been
reported that if the duration is prolonged to 12 h, only BTO and
NZFO could be identified."

Fig. 2 shows the density of the bi-phase BTO/NZFO ceramic
composite sintered at 1200 °C, 1250 °C, 1280 °C and the tri-
phase BTO/BFO/NZFO composite sintered at 1300 °C for 10 h
with x = 0.7, 0.8 and 0.9, respectively. It can be noticed that the
composite has a low density when sintered at a relatively low
temperature such as 1200 °C. However, the density of the
composite increases dramatically with increasing sintering
temperature and reaches a maximum value at 1300 °C for x =
0.7 and x = 0.8. As for the composite with x = 0.9, the highest
density was obtained at 1280 °C and a sharp decrease in density
appears at 1300 °C. Obviously, unlike the bi-phase composite,
the density of tri-phase BTO/BFO/NZFO composite with x = 0.9
exhibits a decrement at 1300 °C as shown in Fig. 2. This
decrement is ascribed to the existence of the BFO phase, which
has a lower density of only 5.28 g cm™* compared with those of
BTO (5.86 g cm ™) and NZFO (5.33 ¢ cm™®) in the composite.?®
Since the volume content of the BFO phase is more dominant at
high ferrite loading as shown in Fig. 1a, the decrement in the
density of the composite with x = 0.9 can be well understood.

Fig. 3 shows the cross-sectional SEM images of the
composite with x = 0.9 sintered at 1200 °C, 1250 °C, 1280 °C and
1300 °C for 10 h, respectively. As can be seen, the microstructure
seems porous and the grains are not well-crystallized at 1200 °C.
However, the grains grow larger with elevated sintering
temperature and the microstructure becomes dense above
1280 °C. The SEM image in Fig. 3d illustrates that the largest
grain size and densest microstructure are simultaneously ob-
tained at 1300 °C, which seems inconsistent with the fact that
its density exhibits a sharp decrease as shown in Fig. 2.

As mentioned above, concerning the theoretical density of
BTO, BFO and NZFO, the density of the composite may decrease
owing to the formation of the BFO phase in the composite.
Experimentally, the BFO phase only forms at a high tempera-
ture such as 1300 °C with appropriate sintering duration (10 h
in this case). Meanwhile, the crystallinity and amount of the
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Fig. 2 Plots of the density of the ceramic composite sintered at
1200 °C, 1250 °C, 1280 °C and 1300 °C for 10 h.
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BFO phase in the composite decreases apparently with pro-
longing sintering time as shown in Fig. 1b.

It is reasonable to deduce that the BFO phase may originate
from the chemical reaction that usually happens at a high
temperature with proper duration. In general, sufficient sin-
tering time assures the migration of the constituent elements in
the composite to approach an equilibrium status. The BFO
phase is most probably formed during the initial stage of the
crystallization of the composite. The longer the reaction time is,
the closer to the BTO/NZFO binary-equilibrium status will be.
When the sintering time is prolonged to 12 h at 1300 °C, there is
enough time for the chemical reaction to reach equilibrium
state, where the BFO phase completely decomposed in the
composite.'' This is why only the BTO/NZFO binary composite
was formed when sintered for 12 h in previous researches,'***
and it is also consistent with the gradual change of the peak
intensity of the BFO phase as shown in Fig. 1b. In this work,
a tri-phase composite comprised of BTO/NZFO/BFO could be
formed at 1300 °C with a sintering duration of 10 h.

Fig. 4a shows the frequency dependence of the effective
permittivity of the tri-phase BTO/NZFO/BFO composite with
different x sintered at 1300 °C for 10 h. The effective permittivity
of the composite decreases with increasing frequency when x is
smaller than 0.5. However, it exhibits a wide plateau over several
orders of frequencies in low frequency range above x = 0.5. A
rapid decrement and a low value of effective permittivity were
observed in high frequency range for all samples, as shown in
Fig. 4a. Fig. 4b shows the dielectric loss of the tri-phase
composite. As can be seen, the peaks move to higher frequen-
cies with the increase in NZFO content. The minimum dielectric
loss of the tri-phase composite increases from 0.038 at x = 0.1 to
0.607 at x = 0.9.

The increment in dielectric loss can be attributed to
enhanced Maxwell-Wagner effect caused by increased space
charge polarization at interfaces such as phase boundaries and
grain boundaries on the grounds that the introduction of BFO
phase may lead to more interfaces in the composite.'®*” More
interestingly, the effective permittivity of the tri-phase
composite seems to keep constant above x = 0.5 as shown in
Fig. 4a. This behavior is quite different from that of binary BTO/
NZFO composite, whose effective permittivity usually increases
nonlinearly with increased NZFO content.”® For clarity, the
conductivity and effective permittivity of the tri-phase
composite as a function of the volume fraction of NZFO
ferrite (fnzro) at frequency of 100 Hz and 1 kHz are provided in
Fig. 5a and b, respectively. The molar content of NZFO ferrite x
=0.1,0.3,0.5,0.7, 0.8, 0.9 corresponds to the volume fraction of
Jfnzro = 0.118, 0.342, 0.548, 0.738, 0.829 and 0.916, respectively.
It illustrates clearly that the conductivity and the effective
permittivity of the composite increases rapidly until fyzro =
0.548, and tends to maintain constant above it. The effective
permittivity increases from only about 112 (fyzro = 0.118) to
10 340 (fyzro = 0.548) at 100 Hz by almost two orders of
magnitude. Correspondingly, the conductivity increases also by
nearly two orders of magnitude from 1.74483 x 1077 S cm™ ' at
Sfuzro = 0.118 t0 9.86525 x 107° S em ™' at fyzro = 0.548 at the
same frequency. However, they preserve a stable value of

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Cross-sectional SEM images of the composite with x = 0.9 sintered at (a) 1200 °C, (b) 1250 °C, (c) 1280 °C and (d) 1300 °C for 10 h,

respectively.

approximately 11 000 for effective permittivity and 1 X
107 S em ™! for conductivity when the volume fraction of ferrite
content is above fyzro = 0.548.

It can be seen from Fig. 5 that the conductivity and effective
permittivity of the tri-phase composite almost keeps constant
above a certain point, i.e. fyzro = 0.548 in this case. This
particular point is very close to the percolation threshold of the
BTO/NZFO composite (f, = 0.55 — 0.65).>**® In this work, the
BFO phase is formed in situ due to the chemical reactions
between BTO and NZFO, hence it most probably forms at the
phase boundaries of the two phases. It is speculated that the
percolation threshold of the BTO/NZFO/BFO composite is the
same as that of the BTO/NZFO composite, i.e. 0.55 in this case,
and the following model could be used to interpret the atypical
dielectric behaviour of the composite. Below f;, the matrix is
insulating BTO phase, and the NZFO particles are dispersed
uniformly in the matrix, thus the BFO phase is formed around

the NZFO phase. However, above f., the matrix is semi-
conducting NZFO phase with the BTO particles dispersed in it,
hence the BFO phase is probably formed around the BTO phase.

In fact, if it possesses a core-shell structure, the Bruggeman-
Hanai approximation model (B-H model), which is expressed as
below, can not be used to calculate the effective dielectric
constant of the composite.***

K — K
K, +2K

K,—K
K, +2K

(1-1) +1 (3)
where K, K;, K, are the properties of the composite, the matrix
and the filler, respectively. f, is the volume fraction of the filler
phase. To simplify the calculation, we must consider the NZFO/
BFO and BTO/BFO as a whole below and above f, respectively,
by assuming that the equivalent filler ‘particle’ of NZFO/BFO
and BTO/BFO possess a core-shell structure where the BFO

phase exists as the shell.
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(a) Effective permittivity and (b) dielectric loss of the tri-phase BTO/NZFO/BFO ceramic composite as a function of frequency.
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dashed line represents the calculated results of Bruggeman equation and Maxwell-Garnett model).

Now the theoretical calculation can be carried out as follows:
firstly, the volume fraction of each constituent phase in the
composite is obtained by summing up its integral intensity of
all peaks in XRD patterns, as shown in Fig. 1a. It indicates that
above f., the volume content of the BFO phase maintains
a stable value of about 20-25%.

Secondly, below f., the BTO exists as the matrix, while the
NZFO/BFO is assumed to be the equivalent filler. On the
contrary, above f;, the NZFO is assumed as the matrix, and the
BTO/BFO exists as the equivalent filler. As mentioned above, we
consider the NZFO/BFO and BTO/BFO as a whole below and
above f.. The NZFO/BFO and BTO/BFO equivalent fillers possess
a core-shell structure, where the BFO is seen as the shell.
Besides, for the core-shell structure, the Maxwell-Garnett model
(M-G model) is used to calculate its effective dielectric constant,
which is expressed as follows:'>**

K = K[l +3£8/(1 — £28)]

8= (K, —K\)/(K>+2K;) )

where K, K;, K, are the properties of the composite, the matrix
and the filler, respectively. f, is the volume fraction of the filler
phase. Thus, for the tri-phased ceramic composite, below f, the
effective dielectric constant of the filler NZFO/BFO is available
(BTO is the matrix), and above f., the effective dielectric
constant of the filler BTO/BFO can also be obtained (NZFO is the
matrix). The parameters used in the calculation of the proper-
ties of the composite are summarized in Table 1.

Finally, we use the B-H model to calculate the effective
dielectric constant of the tri-phased ceramic composite by
putting the values of the matrix and the equivalent filler under
different f (volume content of NZFO) into the formula as listed
in Table 1.

The calculation result is shown in Fig. 5b, in which the red
line represents the prediction of M-G model and B-H model.
Obviously, the calculated results that employ the M-G model as
well as B-H model fit well with the experimental data at 100 Hz
and 1 kHz as shown in Fig. 5b. The physical model proposed
above can also be applied to describe the behavior of the elec-
trical conductivity of the composite as shown in Fig. 5a, which
also fits well with our experimental data. It should be noted that
the ceramic composite synthesized via a liquid coating process
could form a core/shell structure first, nevertheless a higher
sintering temperature such as 1300 °C would destroy the core/
shell structure. It is speculated that there may exist a concen-
tration gradient in the ceramic composite, which means that
the semiconductive NZFO was surrounded by Ba-rich layer,
resulting in the obstruction of the formation of electric chan-
nels and constitution of micro-capacitances (situation similar
to the structure of boundary layer capacitor). As a consequence,
the series-parallel connection of micro-capacitances is physi-
cally responsible for the remarkable increase in the effective
permittivity of the composite in terms of equivalent circuit. As
shown in Fig. 1a, the content of BTO in the ceramic composite
declined and the content of BFO increased with increasing

Table 1 Parameters used in the calculation of the properties of the composite

Effective permittivity Electrical conductivity

Equivalent filler Effective permittivity Electrical conductivity

fanzro Matrix 1 Filler 1 (M-G) (Sem™) (M-G) Matrix (matrix 1/filler 1) (B-H) (Sem™) (B-H)
0.118 BFO NZFO 22 2x10°® BTO NZFO/BFO 88 9x10°°
0.342 NZFO BFO 6006 6 x10°° BTO NZFO/BFO 615 6 x 1077
0.548 NZFO  BFO 8583 9 x10°° BTO  NZFO/BFO 8316 8 x10°°
0.738 BTO BFO 45 5x 108 NZFO BTO/BFO 7316 7 x10°°
0.829 BFO BTO 20 2x10°® NZFO NZFO/BFO 8931 9x10°°
0.916 BFO BTO 18 2 x 1078 NZFO BTO/BFO 10 492 1x10°°
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NZFO content. BFO, a commonly used microwave absorbing
material, possesses high resistivity and relatively small effective
permittivity compared with BTO. Hence, with the enlargement
of x, although the thinning of dielectric layer between NZFO

_rl4
makes the term of r[cff f (eqn (2)) larger, the increment of
C

BFO in the dielectric layers results in the diminution of the
whole effective permittivity in the dielectric layer (¢, in eqn (2)),
which synergistically make the permittivity to exhibit an almost
composition-independent behavior in a wide composition
range above the percolation threshold compared with the case
in traditional percolative composites. Therefore, the engen-
dering of a third phase (BFO) compensates the nonlinear
increase in the dielectric properties of such percolative
composite.

Fig. 6 shows the magnetic hysteresis loops of the tri-phase
BTO/NZFO/BFO composite with various x measured at room
temperature, in which the enlarged low field region for x = 0.9 is
shown as inset. The saturation magnetization of the composite
decreases with decreasing ferrite content from 73.2 emu g~ ' at x
=0.9t036.8emu g 'atx = 0.7. For x = 0.9, the coercivity of the
composite is about 50 Oe, larger than that of conventional BTO/
NZFO composite,* indicating that the formation of the BFO
phase with a high coercivity of >50 Oe (ref. 30) may cause an
increment in the coercivity of the tri-phase system to some
extent.

The saturation magnetization is mainly originated from the
ferrite phase, and it is closely dependent on the parameters
such as grain size and density following the expression of:*!

Ms = (1 - P) 6sds (5)

where p is the porosity of the composite, d; the grain size of NZFO
particles, and s = M (obs)/M; (sat). It can be seen that the satu-
ration magnetization will increase if the grain size and the density
of the composite get enhanced. This can explain the variation of Mj
values versus increasing NZFO content as shown in Fig. 6, because
the grain size and density are the largest for x = 0.9.

The frequency dependence of the effective permeability of
the tri-phase BTO/NZFO/BFO composite on ferrite content x is

~100—
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Fig. 6 Room temperature magnetic hysteresis loops of the tri-phase
BTO/NZFO/BFO ceramic composites sintered at 1300 °C for 10 h. The
inset shows the low field region of x = 0.9.
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shown in Fig. 7a. As is expected, the effective permeability
increases with increasing ferrite content in accordance with the
composite law. The cut-off frequencies are found to be above 20
MHz, which broadens the applicability of the composite in
a wide frequency region. It is also noticed that the value of
effective permeability is much smaller than that of the BTO/
NZFO system.>

In fact, two factors should be considered in understanding
the decrease of saturation magnetization and effective perme-
ability with decreasing NZFO content. One is the composite
effect, that is, the introduction of nonmagnetic BTO and hard-
magnetic BFO phase weakens the interactions and continuum
among the NZFO crystalline particles. As a result, the initial
permeability decreases due to lower ferrite content and further
weakening effect of other two constituent phases (BTO and
BFO). It can be deduced that the magnetic response of such tri-
phase composite can be modulated by controlling ferrite
content in the system. The other is the emergence of demag-
netizing filed that usually exists between the interfaces of the
constituent phases according to grain boundary demagnetizing
field theory, which can be written as:*

Mapp = %H. (6)

1+0.75——

D pp
where w,pp is the apparent initial permeability of the composite
considering the effect of demagnetizing field, w, the perme-
ability of grain boundaries, the effective thickness of grain
boundaries, D the average grain size. In as-prepared tri-phase
composite, the amount of interfaces is comparably larger in
structure, thus the demagnetizing effect will impose a more
observable decrease on the apparent permeability of the
composite. The demagnetizing field is mainly induced by
nonmagnetic BTO phase and the formation of BFO would limit
the growth of NZFO because a portion of ferrites are consumed

as Fe-source to form BFO in the system.

The plots of the initial permeability of the composite as
a function of NZFO content (fxzro) are shown in Fig. 7b. For
simplifying analysis, the BTO and BFO phase are considered
wholly as dielectric matrix while only NZFO phase is thought as
magnetic filler. The theoretical calculation can be conducted
using the aforementioned Maxwell-Garnett model (eqn (4)) and
Bruggeman-Hanai approximation (eqn (3)). The calculation
results are illustrated in Fig. 7b, in which the solid line repre-
sents the results of Bruggeman equation while the dot-dashed
line represents the prediction of M-G model.

The calculated values from M-G equation agree well with the
experimental values when the NZFO content is below 30%.
However, obvious deviation occurs between the measured
values and theoretical predictions at higher NZFO content
above 50%. It is known that the M-G theory can only be applied
in the situation where all the interactions between the filler
particles are ignored, while the Bruggeman equation takes the
local influence of adjoining particles into consideration and
treats the constituent phases in the composite equally. Hereby
we assume that the BFO phase is as homogenous as the BTO
phase in controlling the magnetic properties of the composite,

RSC Adv., 2019, 9, 30641-30649 | 30647
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(a) Frequency dependence of the effective permeability and (b) composition dependence of the initial permeability of the tri-phase BTO/

NZFO/BFO composite at the frequency of 10 MHz. The open circles represent the experimental data, and the solid/dot-dashed line represents
the calculated results of Bruggeman equation and Maxwell-Garnett model, respectively.

thus the small difference between BFO and BTO can be
neglected. When the NZFO content is below 50%, the ferrite
particles form dispersive microstructure in the BTO matrix.
This situation fits well with the description of M-G model.
Therefore, a good agreement between the experimental results
and theoretical predictions is observed. However, as the NZFO
content increases, the filler particles begin to contact with one
another and finally form percolating topological microstruc-
ture, causing the interactions to occur between the interfaces of
constituent phases inevitably. Obviously, the effect of such
interactions will become dominant in the composite above x =
0.5. Although the ceramic composites were prepared by liquid
coating method and a core/shell structure was formed during
the preparation process, the elemental interdiffusion will get
serious and the third constituent phase will damage the core/
shell structure at a high sintering temperature of 1300 °C,
leading to a structure which is more close to the situation in
which the Bruggeman equation will be more suitable. Conse-
quently, the experimental points fall between the theoretical
values of the M-G model and the Bruggeman equation. It is
worth noting that BFO may help to isolate the magnetic NZFO
particles, preventing them to get aggregating with neighbouring
particles. Due to this effect, the majority of the experimental
points tend to fall onto the M-G curve instead of the Bruggeman
curve as shown in Fig. 7b.

On the whole, in our tri-phase composite, the effective
permittivity can keep a stable high value of ~10 000 (Zhang's
group reported a BaTiO3;-Nij,Cuy,Zn, ¢Fe,0, system with
a permittivity lower than 40; the Bi Tiz01,/Nig»5CUg2ZNg 55
Fe,0, system posseses permittivity of as low as 170)7** above
50% ferrite loading. The plateau of both conductivity and
permittivity between 50% and 90% filler content contributes to
the stability of performance within a wide composition range. It
suggests that after being increased to an expected high value of
permittivity with the help of percolation effect, introducing low-
dielectric phase into the composite could help compensate the
nonlinear increase in dielectric properties. The findings of this
work offer us a promising way to prevent electrical properties
from drastic change with varying composition around the
percolation threshold. The tri-phase ferroelectric/ferromagnetic
composite is thus of great applicable interest in advanced

30648 | RSC Adv., 2019, 9, 30641-30649

electronic devices due to its stable giant permittivity and
extremely high permeability.

Conclusions

The as-prepared BTO/NZFO ceramic composites exhibits a lar-
ruping dielectric response combined by the percolation effect
with a percolative threshold larger than 0.5 and the existence of
the BFO phase, which has a lower permittivity compared with
the BTO matrix. When the volume fraction of NZFO is less than
50%, the behavior of the composite is similar to that of
conventional percolative composites, however, when the ferrite
content becomes larger than 50%, the permittivity preserves
a high value of approximately 10 000 owing to the existence and
adjustment effect of the BFO phase. The formation of the BFO
phase did not jeopardize the dielectric properties of the ceramic
composites, on the contrary, the permittivity can be nailed at
a stable value through appropriate adjustment of the volume
fraction of the BFO phase. The phase transformation makes the
effective permittivity of the insulating layers much lower and
hence helps the composite exhibit stable properties. The BTO/
BFO/NZFO ternary ceramic composite is characterized by its
impressive dielectric properties and may become a promising
candidate for next-generation electronic device applications.
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