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Abstract

In the present work, Co, Mg, sFe,0 /Ba, ¢sSr, ,;sTiO; (CMFO/BST) composite ceramics with different molar
ratios (1:1, 1:2, 1:4, 1:6 and 1:8) were prepared by sol-gel method and sintered at 1150 °C. The effects of molar
ratio on the structure, dielectric and multiferroic properties were comparatively studied. The results indicate
that all the synthesized composites mainly show bi-phase structure except slight presence of impurity phases.
The surface of the specimens is relatively dense and the mean grain size is about 2 um. It decreases at first and
then increases with the increased molar ratio. The dielectric constant shows decreased trend with increasing
the molar ratio, while the dielectric loss presents the opposite behaviour. With the increase of molar ratio,
the height of the relaxation peak decreases while the peak position shifts to higher temperature range. The
relaxation peak evolves gradually from one to two peaks. The residual polarization increases with voltage but
decreases with frequency. The maximal polarization of 1.28 uCjem? is obtained in the specimen with the molar
ratio of 1:8, due to the largest concentration of ferroelectric phase BST. The magnetization shows abnormal
behaviour with the change in molar ratio. The largest saturation and remnant magnetization are 20.89 and
12.66 emuy/g, respectively when the molar ratio is 1:2 due to the stronger interface interaction effect between
the two phases.
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I. Introduction materials can be regulated by external electric field and
the ferroelectric properties can be tuned by magnetic
as well. This phenomenon is usually called magneto-
electric (ME) effect. Significantly, multiferroics could
lead to a new generation of memory devices that can
be electrically written and magnetically read [7]. Strong
ME effect at room temperature of multiferroic materials
is the precondition of making these applications come
true. However, this is limited in the single phase mul-
tiferroic materials, since the Curie temperature of the
magnetic and (or) ferroelectric order is always far be-
low room temperature. Due to BiFO, having high both
the Curie temperature (~1100 K) and Neel temperature
(~640K) [8-10], a very few room temperature single

Multiferroic material is a new kind of functional ma-
terial which can show magnetic and ferroelectric prop-
erties simultaneously [1-3]. In the past several decades,
multiferroic materials have attracted great attention not
only due to their intriguing physical properties, but also
because of their potential applications in sensor, capac-
itor, information storage, energy harvesting, spintronics
etc. [4-6]. Especially, the magnetic properties in these
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phase multiferroic materials are known so far. The ME
effect is still very weak because of the G-type antifer-
romagnetic ordering in bismuth ferrite and the serious
leakage current induced by impurities and defects such
as oxygen vacancies [11-13]. As a consequence, it is an
important challenge to improve the ME effect from the
practical application point of view.

Fortunately, this challenge may be overcome in bi-
phase magnetoelectric composite, which is generally
composed of room temperature magnetic material and
ferroelectric material. In composite multiferroic mate-
rials, the magnetic and ferroelectric phases can respec-
tively play their individual role and thus the limitation
of the Curie temperature in single phase materials is
non-existent. A well accepted coupling mechanism of
composite multiferroic material is the interface interac-
tion between the two phases, i.e. the result of magne-
tostriction and piezoelectric effect [14—16]. It is easy to
speculate from the coupling mechanism that the ME ef-
fect in composite multiferroics depends strongly on the
respective performance of the magnetic and ferroelec-
tric phase. Up to now, many magnetic phases have been
combined with various kinds of ferroelectric phases.
For example, Fe,O,, MFe,O, (M = Mg, Ca, Mn, Co,
Ni, Cu, Zn, etc.) and (La,Ca)MnO, are usually cho-
sen as the magnetic phase while BiFeO,, (Ba,Sr)TiO,,
Ba(Zr,Ti)O; and Pb(Zr, Ti)O; have been used as the fer-
roelectric phase [17-21].

It should be pointed out that in addition to the intrin-
sic properties of the magnetic/ferroelectric phase, other
factors, such as the molar ratio between the two phases,
the grain size, the connective style as well as the dimen-
sions have important effect on the ME behaviour [22—
24]. Among them, molar ratio is one of the most impor-
tant elements because it can determine the contact area
between the two phases. In addition, proper molar ratio
is able to balance the overall magnetic and ferroelec-
tric performance and as a result excellent multiferroic
properties may be obtained. Therefore, it is of great im-
portance and significance to investigate how the molar
ratio affects the multiferroic properties of magnetoelec-
tric composites.

Herein, by using sol-gel method, we prepared
Co, sMg,, sFe,0,/Bag 45 St ;s TiO; (CMFO/BST) mag-
netoelectric composite ceramics and the effect of mo-
lar ratio (1:1, 1:2, 1:4, 1:6 and 1:8) on the dielectric,
ferroelectric and magnetic properties have been inves-
tigated systematically. Therein, CMFO was chosen as
the magnetic phase because of its preferable magnetiza-
tion, chemical stability and better insulating properties,
while BST presents superior ferroelectric properties and
excellent dielectric properties especially the low dielec-
tric loss.

II. Experimental procedure

2.1. Materials

All the raw materials used in this study were
purchased from Sinopharm Chemical Regent Bei-

jing Co. Ltd., including acetates (Co(CH,COO), -
4H,0, Mg(CH,COO0), -4 H,0, Fe(CH,COO0);,
Ba(CH;CO0O), and Sr(CH,COO),), tetra-n-butyl
titanate (C,,H,,O,Ti), ethylene glycol ((CH,OH),),
ethanol (C,H,0), citric acid (CcHgO,) and glacial
acetic acid (CH;COOH). All the reagents are used
without further purification.

2.2. Synthesis of CMFO and BST particles

(CH,OH), and CH,COOH were mixed with the vol-
ume ratio of 4 : 1. Then Co(CH,COO), was dis-
solved in the mixed solvent with constant stirring and
then heated at 70°C for 30min to make sure that
Co(CH,;COO0), could be dissolved completely, thus Co
precursor solution was formed. Next, Mg(CH,COO),
and Fe(CH,COO), were mixed with Co precursor
solution. The pH of the mixed solution was ad-
justed to be ~4-5 by adding HOCH,CH,NH,. Then
CH,COCH,COCH, was added to control the hydroly-
sis rate. The concentration of the precursors in the solu-
tion was kept at ~0.3 mol/l by adjusting the amount of
C,H,,0,. Finally, the solution was heated at 90 °C and
continuously stirred, resulting in the xerogel of CMFO,
followed by a heat treatment at 800 °C to burn out the
organic solvent and form CMFO particles.

The BST particles can be prepared in a similar way.
To prepare BST precursor solution, Ba(CH;COO),,
Sr(CH,COO0), and TiC,H,;0, were used as raw ma-
terials. Acetic acid and 2-ethoxyethanol were used as
solvents. First, Ba(CH;COO), and Sr(CH,;COO), were
dissolved in 2-ethoxyethanol and acetic acid mixture
(the volume ratio of 2-ethoxyethanol to acetic acid was
4 : 1) to form the Ba and Sr precursor solution. The mix-
ture was stirred constantly, heated to 70 °C and main-
tained for 30 min to ensure that Ba(CH,COO), was dis-
solved completely. The Ti precursor solution was syn-
thesized in a similar way. Next, Ba, Sr and Ti pre-
cursor solutions were mixed and stirred constantly for
30min to form the BST precursor solution. The pH
of the precursor solution was adjusted to 3 by adding
ethanolamine (99.0% purity, Chengdu Kelong Chemi-
cal Reagent Factory). Then, acetylacetone was added to
the solution to control the hydrolysis rate. The concen-
tration of the precursor solution was subsequently ad-
justed to be 0.3 mol/l by adding a certain amount of 2-
ethoxyethanol. Lastly, the mixture was heated at 90 °C.
The obtained gel was heated at 400 °C to burn out the
organic solvent, and then the calcined powders were
ground for 8 h.

2.3. Fabrication of CMFO/BST composite ceramics

All particles weighted with various molar ratios (1:1,
1:2, 1:4, 1:6 and 1:8) were mixed with distilled water
and then ball milled for 8 h. The obtained slurries were
dried and then fired at 850 °C for 8 h, subsequently, the
calcined powders were ground again for 8 h. The pow-
der mixture was added into polyvinyl alcohol (PVA)
solution. The concentration of PVA was 15% and the
weight ratio between PVA and the composite particles
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was 8 : 100. Finally, the treated composite powders were
pressed at 15MPa into 1 mm thick pellets with the di-
ameter of 10 mm. The slices were sintered at 1150 °C
for 4 h. Both sides of the sintered pellets were polished
and a thin layer of silver was pasted on both sides and
calcined at 500 °C for 30 min.

2.4. Characterization

The crystal structures of the prepared samples were
analysed by X-ray diffraction (XRD, D/max 2500,
Rigaku, Japan) using Cu-Ka radiation (1 = 1.5406 A).
Scanning electron microscope (FE-SEM, JSM-7800F,
JEOL, Japan) was used to observe the morphology. The
dielectric properties were determined by using a LCR
instrument analyser (HP4980A, Agilent, USA) com-
bined with a high temperature system (TZDM-RT-1000,
China). The dielectric constant was calculated accord-
ing to the following equation:

_C.d

& =

&S M
where &, is the relative dielectric constant, C is the ca-
pacitance, d is the thickness, & is the vacuum dielec-
tric constant (8.85 x 107'2F/m), and S is the effective
electrode area on the sample. The ferroelectric hystere-
sis loops were measured by ferroelectric test system
(TF2000, aix-ACCT Inc., Germany). Magnetic hystere-
sis (M-H) loop measurements were carried out by using
a vibrating sample magnetometer (VSM).

III. Results and discussion

3.1. Structural characterization

The X-ray diffraction patterns of the CMFO/BST
composite ceramics are shown in Fig. 1. It is evident
from the XRD patterns that all diffraction peaks of fer-
rite and ferroelectric phases emerge in the composite
systems. The diffraction peaks 100, 110, 111, 200, 210,
211, 220 and 310 belong to the perovskite type tetrago-
nal structure of BST with space group P4mm (JCPDS
No. 05-0626), while the remaining peaks (220, 311,
400, 511, 440 and 331) originate from of the CMFO
phase with cubic symmetry and space group Fd3m
(JCPDS No. 22-1086). It is very clear that although the
main diffraction peaks could be marked as CMFO and
BST, some impurity peaks can be observed near 33° and
47°. Further analysis shows that the secondary phase is
indexed as BaFe,,0,,, indicating minor chemical reac-
tion between CMFO and BST phases in the composite
samples. In addition, the relative height of BST diffrac-
tion peaks increases with the molar ratio while the peak
intensity of CMFO reduces, signifying the variation of
the relative content of the two phases.

To comparatively investigate the surface morphology
of the prepared CMFO/BST composite ceramics with
different molar ratios, their SEM images were analysed,
as shown in Fig. 2. It can be seen that all samples show
relative dense surface structure and the gains are most
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Figure 1. XRD patterns of CMFO/BST composite ceramics
with different molar ratios

sphere-like, while the grain size is non-uniform. The av-
erage grain sizes calculated by the software Nano Mea-
surer are 1.27, 1.16, 1.03, 1.01 and 1.17 um (for the mo-
lar ratios 1:1, 1:2, 1:4, 1:6 and 1:8, respectively), which
decreases first and then increases with the increase of
molar ratio. Generally, the appropriate sintering temper-
ature of CMFO is lower than that of BST, therefore, the
sintering temperature (1150°C) for these composites
may be higher than that of appropriate sintering tem-
perature of CMFO. The consequence is over-burning of
CMFO phase. Hence, when the concentration of CMFO
is high, over-burnt ceramics was generated, Fig. 2a, and
thus for CMFO grains are the biggest due to too high
sintering temperature. With the increase of BST content,
the degree of over-burning was restrained, thus smaller
grains are obtained. Furthermore, because the sintering
temperature of BST is higher than that of CMFO, the
addition of BST into CMFO can enhance the optimal
sintering temperature of CMFO. Therefore the desired
sintering temperature was increased with increasing the
concentration of BST, thus the grain size decreases with
the molar ratio. When the molar ratio is very high (1:8),
the effect of CMFO on the sintering temperature of BST
is too weak, thus bigger grain size can be found. An-
other important factor is that the grain size of BST ce-
ramics is usually very large [19,22], higher content of
BST will result in bigger grain size.

In addition, the density also decreases and then in-
creases with the molar ratio, indicating the regulating
effect of molar ratio on the shape, density and grain
size of the magneto-composite ceramics. Particularly,
the density is relatively poor when the molar ratios are
1:4 and 1:6. To directly show the density of the prepared
ceramics with different molar ratios, Archimedes prin-
ciple was applied. When the molar ratios are 1:1, 1:2,
1:4, 1:6 and 1:8, the corresponding densities of the sam-
ples are 5.271, 5.267, 5.325, 5.371 and 5.450 g/cm3, re-
spectively. The relative density was calculated using the
ratio of the measured density to the theoretical density.
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Figure 2. SEM images of the CMFQ/BST composite ceramics with different molar ratios: a) 1:1, b) 1:2, ¢) 1:4, d) 1:6 and e) 1:8

This slight enhancement of the density can be ascribed
to the increased compactness resulting from the large
grain size and less pores in the samples. The relative
densities of the CMFO/BST composite ceramics were
91.8%, 93.7%, 91.4%, 93.2% and 92.3%, and the corre-
sponding porosities were 8.2%, 6.3%, 8.6%, 6.8% and
7.7%, when the molar ratios are 1:1, 1:2, 1:4, 1:6 and
1:8, respectively.

Furthermore, many pores can be observed. This may
be the consequence of different optimal sintering param-
eters between two phases. The pores could be formed
during the fast volatilization and violent combustion of
PVA adhesives at high temperature, or due to insuffi-
cient adhesion of these adhesives. In addition to the
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influence of PVA, the preforming duration, preform-
ing pressure and powder particle size played significant
roles in the formation of pores. Lastly, the grain bound-
ary between the two phases in the composites increased
with the decrease of particle size, because only slight
chemical reaction occurred between the magnetic and
ferroelectric phases. Moreover, the grain growth was in-
hibited in the ME structure, and thus more pores could
be induced, which, in turn, affect the properties of the
samples.

3.2. Dielectric properties

The frequency dependent relative dielectric constant
(g,) and dielectric loss (tan §) of the CMFO/BST com-
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Figure 3. Frequency dependence of the dielectric constant (a) and dielectric loss (b) for the CMFO/BST composites with
different molar ratios

posite ceramics are presented in Fig. 3. With the fre-
quency increase, the dielectric constants of all the pre-
pared composite ceramics decrease at first and then they
become saturated in the high frequency range, as shown
in Fig. 3a. These results can be attributed to various po-
larization mechanisms at different frequencies. In gen-
eral, the polarization mechanisms in dielectric materi-
als include displacement polarization and relaxation po-
larization [25]. The polarization time of displacement
polarization, including electronic and ionic displace-
ment polarization, is very short, roughly in the order of
10~ s. In contrast, the polarization time of relaxation
polarization, including dipole turning direction, inter-
face, space charge thermal ion relaxation polarization,
is relatively longer, which ranges from microsecond to
several seconds. When the frequency is low, for exam-
ple, f < 1kHz (t > 1073s), almost all the polariza-
tion processes can be generated because the polarization
times of all polarization mechanism may be smaller than
the period of field change. Thus, all polarization mech-
anisms contribute to the dielectric constant and larger
dielectric constant is produced. In contrast, with the in-
crease of frequency, relaxation polarization cannot be
evidenced. When the frequency is high (~10° Hz), only
the displacement polarization can keep pace with the
frequency. In that case, the dielectric constant is mainly
contributed by the displacement polarization and thus
smaller dielectric constant can be obtained.
Nevertheless, it can be seen that the dielectric con-
stant decreases rapidly when the molar ratio is 1:4 and
1:8, while that of other samples declines slowly in the
low frequency range. This indicates that the specimens
with molar ratios of 1:1, 1:2 and 1:6 show better fre-
quency stability. In the higher frequency range, the di-
electric constant of the sample with the molar ratio 1:4
is the maximal while the value is the smallest when
the molar ratio is 1:1, as depicted i Fig. 3a. This dif-
ferent variation of dielectric constant with frequency is
attributed to the polarization mechanism. The different
rate of decrease with frequency indicates that relaxation
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polarization may be the main polarization mechanism
when the molar ratio is 1:4 and 1:8, demonstrating that
in these samples more interface charges, dipoles, ther-
mal ions and space charges may exist. These charges
may come from the grain boundaries, impurities and
pores. More grain boundaries, impurities and pores
would induce more charges. Although the grain size and
shape can result in different grain boundaries, these dif-
ferences in all the prepared samples are not that distinct
according to the SEM images shown in Fig. 2. Thus,
other factors such as oxygen vacancies may be the rea-
son inducing the relaxation polarization.

It is noted from Fig. 3b that the dielectric loss de-
creases monotonically with increasing frequency, while
the decreased trend becomes relatively slow in the high
frequency range. The differences between losses in the
low frequency range are very obvious while they are
unnoticeable when the frequency is high. The sample
with the molar ratio of 1:1 shows the highest loss in
the low frequency range compared with other samples.
This frequency dependent loss is also connected with
loss mechanism. The dielectric loss in general includes
three parts: the relaxation loss, conduction loss and res-
onance loss. The relaxation loss is induced by the relax-
ation polarization, when the polarization process cannot
catch up with the speed of external field, loss will be
generated. Therefore, the relaxation loss can often hap-
pen in the high frequency range. The conduction loss
is the result of the conductivity of sample because all
samples are not ideal insulators. Obviously, impurities,
point defects such as oxygen vacancies, other line and
planar defects generated at the grain boundary or phase
boundary can give rise to conductance. The third loss is
the resonance loss which occurs when the frequency is
very high (~10'* Hz or more), the vibration of electrons,
atoms and molecules will generate heat and result in res-
onance absorption. With regard to the results shown in
Fig. 3b, we can attribute the large loss of the sample
(1:1) to the conduction loss because the volume fraction
of the magnetic phase is the largest while the conductiv-
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Figure 5. Temperature dependence of the dielectric loss of the CMFO/BST composite ceramics with different molar ratios

ity of CMFO is far higher than that of BST. In addition,
when the molar ratio is 1:1, more phase boundaries can
be produced and thus more defects can be caused, which
in turn gives rise to larger conductivity and dielectric
loss.

Figures 4 and 5 describe the temperature (from room
temperature to 500°C) dependence of the dielectric
constant and dielectric loss of the CMFO/BST compos-
ite ceramics measured at selected frequencies (1 kHz,
10kHz, 100kHz, 1 MHz and 2 MHz). It can be seen
that the dielectric constant shows non-monotonic vari-
ation with the temperature. When the molar ratio is
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1:1, a peak can be observed near 300 °C, as shown in
Fig. 4a. This temperature may be related with the Curie
temperature of CMFO. However, with the increase in
frequency, the peak position shifts to higher tempera-
ture range and becomes more indistinct while the peak
strength declines. Another possible reason for the peak
shifting could be the slow polarization due to the fre-
quency and temperature dependence. When the temper-
ature is higher than the corresponding value of the peak,
the dielectric constant increases again. This increased
dielectric constant may be the result of electron increase
in conduction band because more and more electrons
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can jump from the valence band to the conduction band
with the temperature rise. Correspondingly, a loss peak
can also be found near 150 °C at 1kHz, and this tem-
perature increases to about 350 °C when the frequency
is 2 MHz. This loss peak may be ascribed to relaxation
loss induced by relaxation polarization. However, in the
high temperature range (300-400°C), no peak can be
observed, as shown in Fig. 5a. When the temperature is
larger than 300 °C, the dielectric loss rapidly increases
with temperature. This significant increase of loss is
caused by the increased electronic contribution. More
electrons will induce larger conductivity and thus in-
crease of loss can be generated.

Similarly, when the molar ratio is 1:2, a dielectric
peak can also be found and it is more distinct, as de-
picted in Fig. 4b. The peak at the frequency of 1kHz
is near 330 °C, which is slightly lower than that of the
sample 1:1, indicating that the concentration of CMFO
or BST can tune the relaxation process. The peak value
decreases with the increase of frequency, while the peak
position shifts with the frequency increasing, as shown
by arrow. When the frequency is higher than 10 kHz, no
peaks can be observed. This may be because the temper-
ature corresponding to the peak position might be higher
than the measuring temperature, i.e. 500 °C. Generally
speaking, the dielectric peak is related to relaxation po-
larization or phase transition process. If it is attributed
to the transition temperature of CMFO, the peak should
be more apparent with increasing the content of CMFO
phase in the composites. However, it can be seen that
the peak becomes more distinct with increase of molar
ratio, i.e. with decrease of CMFO concentration. There-
fore, the dielectric peak can be ascribed to the relax-
ation polarization. In addition, the dielectric constant for
the sample with 1:2 molar ratio increases 10 times com-
pared to the specimen with the molar ratio 1:1. For ex-
ample, the dielectric constant of the sample with the mo-
lar ratio 1:1 is about 90 at 300 °C (f = 1kHz), while for
the molar ratio 1:2, it increases to more than 1200 at the
same conditions. As it has been mentioned above, this
large dielectric constant can be attributed to the space
charges. Another factor that contributes to the larger di-
electric constant is the ferroelectric phase BST, which
shows high dielectric constant. Although the dielectric
constant has been increased more than 10 times, the di-
electric loss is obviously smaller than that of the sam-
ple 1:1, as presented in Fig. 5b. This smaller loss is the
result of the decreased number of electrons in the con-
duction band because these electrons mainly come from
the CMFO component due to its smaller band gap com-
pared with that of BST. With the increase of molar ratio,
i.e. the content of CMFO decreases, smaller number of
electrons in the conduction band will be induced, thus
smaller loss was generated. Although the space charges
can induce dielectric loss, the impact is minor compared
with the above mentioned effect, especially in the high
temperature range.

When the molar ratio is 1:4, both the dielectric con-
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stant and loss increase slightly compared with that of
the sample 1:2, as shown in Figs. 4c and 5c. When
the frequency is 1 kHz, two dielectric peaks can be ob-
served. The first peak is near 300 °C while the higher
temperature peak is at about 350 °C. The peak max-
ima is larger than 1800 at 1kHz, which is higher than
samples 1:1 and 1:2. When the frequency is larger than
1 kHz, the two peaks were transformed into one peak.
Though it is not sure what is it made of, it may be re-
lated to the relaxation polarization. It can be seen from
the SEM images that the pore content is the largest
when the molar ratio is 1:4. Therefore, more defects and
space charges may be generated and thus relaxation po-
larization is induced. Slightly increased dielectric con-
stant and loss may be induced by the increased space
charges of electrons which were caused by impurities
and defects. When the molar ratio is 1:6, both the di-
electric constant and loss decrease, and the peak near
300 °C at the frequency 1 kHz disappeared, as presented
in Fig. 4d. However, the peak position at the frequency
of 10kHz is below 300 °C. It is found that the peak po-
sition decreases with molar ratio on the whole. Inter-
estingly, a loss peak can be observed between 150 to
300 °C when the molar ratio is 1:6, as illustrated in Fig.
5d. The peak position decreases with increasing the test
frequency. The peak value and loss of the sample 1:6 are
smaller than for other specimens (1:1, 1:2 and 1:4). The
reduced dielectric constant and loss may be ascribed to
the decreased space charges as a result of the increased
content of BST. When the molar ratio is 1:8, the dielec-
tric constant and loss decrease further, as shown in Figs.
4e and 5e. The reason coincided with that of the sample
with molar ratio 1:6. What is different is that two di-
electric peaks can be found. The first peak (as indicated
by arrow) occurs at about 350 °C and it is not obvious,
while the second peak is at more than 400 °C. These
peaks are also related to the relaxation polarization pro-
cess.

3.3. Ferroelectric properties

Room temperature polarization-electric field (P-E)
curves of the CMFO/BST composite ceramics with dif-
ferent molar ratios were shown in Figs. 6 and 7. Both the
residual polarization P, and the coercive field E. of all
the samples increase with increasing the maximal ap-
plied voltage, as shown in Fig. 6, indicating that more
domains can be switched with increasing the voltage.
The ever-increasing E. with applied maximal voltage
can be attributed to the large intrinsic E; and the seri-
ous leakage current of the sample, which can deform the
P-E curves. Moreover, P, and E,. decrease with the in-
crease of the measuring frequency, and the ferroelectric
hysteresis loops become more and more slender, which
can be observed in Fig. 7. Actually, the decreased P,
with the frequency is only a false appearance which is
mostly caused by the leakage current of the sample.

In order to investigate the polarization more pre-
cisely, P-E curves of all the samples are presented with
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Figure 7. P-E curves of the CMFO/BST composite ceramics with different molar ratio measured at different frequencies

the same applied field and frequency, as shown in Fig.
8a. Clearly, P, increases at first, then decreases and fi-
nally it increases again with the molar ratio, while E,.
does not show the same variation. The values of P,
are 0.195, 0.275, 1.315, 0.995 and 1.446 uC/cm? when
the molar ratios are 1:1, 1:2, 1:4, 1:6 and 1:8, respec-
tively. Correspondingly, E. are 8.15,4.21, 13.9,15.4 and
16.8kV/cm, respectively. Generally speaking, the fer-
roelectric properties should increase with the content
of BST in the prepared composite ceramics because
CMFO is not ferroelectrics and thus the polarization
is entirely contributed by the ferroelectric phase. The
monotonic variation phenomenon may be induced by

the interface interaction between the two phases or by
the leakage current which is caused by the impurities,
defects and so forth.

To elucidate whether the abnormal polarization can
be affected by the leakage current, the current density-
electric field (J-E) curves of the composite ceramics are
measured at room temperature and shown in Fig. 8b.
The difference of the current is very distinct. When the
molar ratio is 1:1, the current is at the minimum, while
the maximal value can be obtained when the molar ratio
is 1:2. This non-monotonic variation of the current with
the molar ratio may result from the impurities and de-
fects because the resistivity of BST is higher than that
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Figure 8. P-E (a) and J-E (b) curves of the CMFO/BST composite ceramics with different molar ratios

of CMFO. Therefore, with the increase of molar ratio,
the current should decrease if there is no interface in-
teraction and chemical reaction between the two phases
and without other conditions being changed. As a con-
sequence, we think the sample with the molar ratio of
1:6 seems to show the best ferroelectric properties when
Figs. 8a and 8b are combined.

To deduct the contribution of leakage current to the
measured polarization, PUND method was applied, as
shown in Fig. 9. It can be seen that all curves show
perfect rectangular shape, indicating that all specimens
have ferroelectric properties. Furthermore, the coercive
field of all the samples is nearly the same, but the rem-
nant polarization increases monotonically with the mo-
lar ratio. This behaviour is consistent with that predicted
theoretically. When the molar ratios are 1:1, 1:2, 1:4,
1:6 and 1:8, the values of remnant polarization are 0.54,
0.70, 0.92, 1.04 and 1.28 uC/cm?, respectively.

3.4. Magnetic properties

In addition to the dielectric and ferroelectric prop-
erties, magnetic properties are also very important for
the composite multiferroic materials. In order to evalu-
ate the magnetic properties, room temperature magnetic
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Figure 9. P-E curves of CMFO/BST composite ceramics
measured by PUND method

hysteresis loops (M-H curves) of the CMFO/BST com-
posite ceramics were measured and shown in Fig. 10.
A clear hysteresis loops have been observed, indicat-
ing the ferromagnetic behaviour. In addition, both the
spontaneous magnetization (M;) and the residual mag-
netization (M,) increase first and then decrease with the
molar ratio while the coercive field (H.) show similar
phenomenon except minor difference, as listed in Ta-
ble 1.

Table 1. Magnetic parameters of CMFO/BST composite

ceramics
Molar ratio M, [emu/g] M, [emu/g] H, [Oe]
1:1 12.63 6.08 549
1:2 20.89 12.66 830
1:4 7.18 4.14 902
1:6 6.96 4.06 669
1:8 4.53 2.29 291

It is very unusual to find that the highest values for
both M, and M, can be obtained when the molar ra-
tio is 1:2 and they are 20.89 and 12.66 emu/g, respec-
tively. The minimal values of M, and M, are 4.53 and
2.29 emu/g, respectively, when the molar ratio is 1:8.
When the molar ratio is 1:4, the maximal H,. can be
observed while the minimal value is acquired when the
molar ratio is 1:8. Generally speaking, the magnetiza-
tion of CMFO/BST composite ceramics is mainly con-
tributed by CMFO because BST is non-magnetic and
thus the magnetization should be proportional to the
molar ratio, i.e. the content of CMFO if there is no in-
teraction between the two phases. Therefore, the largest
magnetization of the sample with the molar ratio of 1:2
can be attributed to the larger interface area between the
two phases because the interface interaction should en-
hance with the increase of interface area.

In addition, the intrinsic saturation magnetization of
CMFO in different samples may be different because
the size and shape of the CMFO grains play an im-
portant role in changing the magnetization. As we have
presented above that the size and shape of CMFO in
the specimens are quite different, therefore, the effec-
tive saturation magnetization of CMFO in these samples
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Figure 10. M-H curves of CMFO/BST composite ceramics with different molar ratio (a) and the magnified image (b)

should be different. However, in the light of present sit-
uation that the effective magnetization of CMFO shows
anomalous behaviour, it does not matter if this phe-
nomenon has been induced by the interface interaction
or by the grain. It can be considered as a result of the ef-
fect of the BST ferroelectric phase on the CMFO mag-
netic phase in the composite ceramics, which could be
considered as a coupling effect.

The highest coercive field of the sample 1:4 may be
attributed to the coupling interaction between CMFO
and BST, derived from the connective style. Another
factor that can affect the coercive field may be the size
effect. If the grain size of CMFO is large, the coercive
field will increase correspondingly. The contribution of
the surface anisotropy constant (Kg) can be described
as [27]:

Keg = Kpui + 675 (2)
where d is the diameter of the particles. Therefore, the
surface and its associated anisotropies can play very im-
portant role in the case of nanosize particles. However,
this difference in grain sizes is not very apparent from
the results shown in the SEM images. Actually, the grain
size of the sample 1:4 is relatively smaller than other
ceramics. In addition, many factors, for example, mag-
netic anisotropy (including anisotropy such as magnetic
crystals, induction, shape and stress), impurities, pores,
defects, etc., have major effect on the coercivity. The co-
ercivity determined by boundaries can be expressed as:

1
.~3ﬁ5 3)

where v,, is the domain wall energy, and M, is the satu-
ration magnetization. y,, can be expressed as:

K

Yw = k- Tc_ (4)
a
Therefore, H. can be expressed as follows:
k-T.A
H ~3——— 5)
My, D
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where k is the Boltzmann constant, K; is the magne-
tocrystalline anisotropy, T is the Curie temperature and
a is the lattice constant. Briefly, the size effect may be
inadequate to account for the magnetic behaviour. It
is speculated that the shape of grains or particles, de-
fects, impurities and pores in the sample can also play
important roles in the coercive field. The high coerciv-
ity value may be enhanced by the anisotropic constant
with increasing defects. It can be found from Fig. 2 that
the sample 1:4 has the smallest density with the high-
est number of pores, therefore maximum defects can be
formed, increasing the coercive field.

IV. Conclusions

Co, sMg, sFe,0,/Bag ¢sSr; ;s TiO; magnetoelectric
bi-phase composite ceramics were successfully pre-
pared by sol-gel method with only slight presence of
impurity phases. The mean grain size and the density
can be affected by the content of Ba¢sSr, 5TiO;.
The dielectric constant and dielectric loss show non-
monotonic variation with molar ratio of CMFO and
BST phases and are related to the relaxation polariza-
tion and thermally excited electrons. The relaxation
behaviour can be tuned by space charges induced by
impurities and defects. The sample with the molar
ratio 1:8 of CMFO and BST phases shows the highest
polarization with the maximal resident polarization of
1.28 °CC/cm. An anomalous magnetic behaviour was
observed where the largest saturation magnetization of
20.89 emu/g has the sample with the molar ratio 1:2
due to the stronger interface interaction effect between
the two phases. The result may provide valuable
information for improving the multiferroic properties
of composite multiferroic materials.
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