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Abstract

0.6Lag (Bij gFeO;-0.4BaTiO3/NiFe,0, (0.6LBFO-0.4BT/NFO) composite powders were firstly prepared using a
simple one-step sol-gel in-situ method. The phase evolution with the calcination temperature was studied. The dense-
sintered 0.6LBFO-0.4BT/NFO ceramics were synthesized, and the phase composition as well as the surface morpholo-
gy were characterized. The dielectric and magnetic properties were measured. The results indicated that with increas-
ing concentration of NFO, the ceramic composite shows an increased dielectric constant (¢”) while the dielectric loss
tangent (tan &) value decreases at low frequencies range (in 5 kHz). The magnetic measurement indicates that all the
composites show single-phase-like magnetic hysteresis loops and the introduction of NFO can significantly enhance

the saturation magnetization (M,) of 0.6LBFO-0.4BT.
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I. Introduction

Multiferroic materials with simultaneous electrical and
magnetic orderings have attracted significant attention
over the past decade because of their fascinating physical
properties and potential applications in the emerging field
of electromagnetic wave attenuation, data storage media,
resistive switching, gas sensors and multi-state memo-
ries 15, As an extensively studied single-phase multifer-
roic material, perovskite BiFeO3 (BFO) exhibits both G-
type anti-ferromagnetic and ferroelectric orders in rhom-
bohedrally distorted perovskite structure with the space
group of R3¢ at room temperature 8. The ferroelectric-
ity of BiFeOj originated from the distortion of the 652
lone pair of Bi3+ ions, which being largely displaced with
the FeOg octahedra, generates spontaneous polarization
along the [111] axis of the rhombohedral unit cell 9-10. On
the other hand, the magnetic property is associated with
the residual moment of Fe-site spin structure 11. Howev-
er, the difficult preparation, low electrical resistivity and
relatively weak magnetism of BFO seriously hinder its
practical application in many advanced devices 12-13.

Aiming to overcome the above difficulties, many efforts
have been made to enhance the multiferroic properties of
BFO. Substituting the A-site Bi3* ions with rare-earth
ions (e.g. La3+, Pr3+ Nd3+, Sm3+, Dy3+) or divalent ions
(e.g. CaZ*+,BaZ*) and B-site for Fe3+ ions with transition
metal ions (e.g. Ni2+, Nb5+, Sc3+) to improve the proper-
ties of BFO is viewed as a general method 14-24, Never-
theless, neither the magnetic nor the ferroelectric proper-
ties have improved significantly. Interestingly, recent re-
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ports reveal that processing BFO with other perovskite-
structured materials (e.g. BaTiO3, PbTiO3) would pre-
vent the formation of secondary phases and enhance the
electrical resistivity significantly 2>-26. Moreover, com-
positing with a strong magnetic phase is a useful method
to improve the magnetic properties of BiFeO; materi-
al. NiFe,O4 (NFO) is a well-known cubic ferromagnet-
ic material with soft magnetic character and low mag-
netic coercivity, which has been studied in detail on ac-
count of its high electromagnetic performance, high satu-
ration magnetization, excellent chemical stability and cor-
rosion resistance 27 =28, Whereas, the enhanced multifer-
roic properties of the composites are difficult to obtain
owing to the fact that the multiferroic properties depend
onthe structures, morphologies, particle size and distribu-
tion of the different phases 29-30. Hence, composite pow-
ders with high purity, uniform grain size and uniform dis-
tribution of the different phases were essential to the ex-
cellent multiferroic properties for the subsequent com-
posites. Obviously, sol-gel 772-situ methods are commonly
used to prepare nanosized composite powders with high
purity, uniform grain size and uniform distribution rather
than the solid-state reaction process.

In this work, the 0.6LBFO-0.4BT/NFO composite
powders were prepared using a simple one-step sol-gel
in-situ method. The phase evolution with the calcina-
tion temperature was studied. Dense-sintered 0.6LBFO-
0.4BT/NFO ceramics with different concentrations of
NFO were synthesized. The phase composition, sintering
behavior, dielectric and magnetic properties were investi-
gated.
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II. Experimental Procedure

The chemical reagents used in this work were Ba(NO3),,
FC(NO3)3' 9H20, BI(NO3)35H20, La(NO3)3'6H20,
NI(NO3)26H20, tetrabutyl titanate (C16H3604Ti), cit-
ric acid monohydrate (C{HgO7H,O), unsymmetrical
dimethylhydrazine (C,HgN>), acetic acid (CH;COOH)
and ethyl alcohol (C,H5OH). All the chemicals were of
analytical grade purity and were used without further pu-
rification.

(1-x)(0.6LBFO-0.4BT)/xNFO composite powders
(with x = 0.1, 0.2, 0.3, 0.4) were prepared in a one-step
sol-gel in-situ process. The preparation process includes
the following steps.Stoichiometric amounts of La(NO3);
6H,0, Bi(NO3)3:5H,0, Fe(NO3);-9H,0, Ni(NO;),
-6H,0, C¢HgO7H,O were weighed and added into dis-
tilled water, which was stirred at room temperature until
a brown transparent solution was obtained; a stoichio-
metric amount of Ba(NO3), was weighed and added into
dilute acetic acid to obtain Ba(NOj3), solution; a stoichio-
metric amount of C;sH340,4Ti was weighed and added
into ethanol and acetic acid to obtain C{yH34O4Ti so-
lution. Then, the Ba(NO3), solution was added into the
C1¢H;3¢04Ti solution slowly until a colorless transpar-
ent solution was obtained. Finally, the colorless trans-
parent solution was slowly added into the above-men-
tioned brown transparent solution, and a certain amount
of C,HgN, was added to the solution to inhibit the hy-
drolyzation of Ti*+and Bi3+ ions simultaneously. 5 mol%
excess Bi(NO3);-5H,0 was added to compensate for Bi
loss during the subsequent calcining process. After be-
ing magnetically stirred for 2 h, the solution was dried at
200°C for 2 h to form a black-colored precursor powder.
The precursor powders were calcined at 1000 °C for 2 h in
air atmosphere to obtain the 0.6LBFO-0.4BT/NFO com-
posite powders. Then, after 5 wt% PVA aqueous solution
had been added to the obtained 0.6LBFO-0.4BT/NFO
composite powders, these were pressed into disks. Final
sintering was performed at 1100 °C for 2 h.

The phase composition of the 0.6 LBFO-0.4BT/NFO ce-
ramics was detected with an X-ray diffractometer (XRD)
with Cu Ka radiation (Rigaku D/MAX-2400, Japan). The
morphology of the samples was analyzed using a scan-
ning electron microscope (SEM) (Hitachi S-4800, Japan)
equipped with energy-dispersive X-ray spectroscopy
(EDS). The dielectric properties of the samples were mea-
sured with an impedance analyzer (E4980A, Agilent, Palo
Alto, CA). The magnetic hysteresis loops of the samples
were measured with a vibrating sample magnetometer 113
(VSM) (Lake Shore 7410, USA).

III. Results and Discussion

Fig. 1(a) shows the XRD patterns of the 0.8(0.6LBFO-
0.4BT)/0.2NFO powders calcined at different tempera-
tures. It can be seen the calcining temperature has a con-
siderable influence on the phase composition of the com-
posite powders. The raw materials reacted at 750 °C, with
the main phases of LBFO-BT and NFO being formed,
while the impurity phases of Bi,O3 and Fe,O3 existed
in the product powders. With the increase in the calcin-
ing temperature, the oxides reacted sufficiently with each
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other and the XRD peaks of main crystal phases are obvi-
ously enhanced. The powder product calcined at 900°C
shows pure composite XRD patterns of LBFO-BT and
NFO, indicating the principal reaction has been complet-
ed. Fig. 1(b) shows the XRD patterns of the 0.6LBFO-
0.4BT ceramic, NFO ceramic and 0.6LBFO-0.4BT/NFO
ceramics with different concentrations of NFO sintered at
1100 °C for 2 h. All the peaks of 0.6LBFO-0.4BT ceram-
ic and NFO ceramic have been identified from their in-
dividual XRD patterns available in the JCPDS data card
73-0548 and 54 -0964 respectively. And the 0.6LBFO-
0.4BT phase shows a pure perovskite structure while the
NFO phase shows a pure spinel structure. It can also be
found that the diffraction peaks of 0.6LBFO-0.4BT/NFO
ceramics with all concentrations of NFO corresponded
well with the 0.6LBFO-0.4BT ceramic and NFO ceram-
ic. The above XRD patterns reveal that the 0.6LBFO-
0.4BT phase and NFO phase can co-existin the 0.6 LBFO-
0.4BT/NFO ceramics after being calcined at 1100 °C with
a high crystallinity and without any impurity phases. As
expected, with increasing the concentration of NFO, the
diffraction peaks of NFO become strengthened gradually.
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Fig. 1: XRD patterns of the 0.8(0.6LBFO-0.4BT)/0.2NFO powders
calcined at different temperatures (a) and XRD patterns of the
0.6LBFO-0.4BT, NFO and the 0.6LBFO-0.4BT/NFO ceramics
with different concentrations of NFO sintered at 1100 °C (b).
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Fig.2 shows the backscattered SEM micrographs of
the natural surfaces of the 0.6LBFO-0.4BT/NFO ce-
ramics with different concentrations of NFO sintered
at 1100 °C for 2 h. The backscattered SEM can distinguish
the 0.6LBFO-0.4BT phase and NFO phase clearly due to
the different atomic numbers of the two phases. It can be
found that the 0.6LBFO-0.4BT/NFO ceramics consist of
white phase and black phase, and it can be inferred that the
white phase is 0.6LBFO-0.4BT while the black phase is
NFO according to the large atomic numbers of Bi, La, Ba
and Tielements in 0.6LBFO-0.4BT phase and small atom-
ic numbers of Ni, Fe elements in NFO phase. It can also
be observed that all the 0.6LBFO-0.4BT/NFO ceram-
ics demonstrated clear phase composition and uniform
distribution of the two phases and the number of NFO
granular grains increased with increasing concentration of
NFO.

To further confirm the composition and distribution of
the two phases in the 0.6LBFO-0.4BT/NFO ceramics,
Fig.3 shows the backscattered SEM micrograph, energy
spectrum image and the element distribution images of
the representative 0.8(0.6LBFO-0.4BT)/0.2NFO ceram-
ic. Similar to Fig. 2, it can be found that the 0.8(0.6LBFO-
0.4BT)/0.2NFO ceramic consists of white phase and black
phase from the backscattered SEM micrograph. For the
energy spectrum diagram, it can be observed that the
0.8(0.6LBFO-0.4BT)/0.2NFO ceramic contains O, Bi,
Ba, Ti, La, Fe and Co, seven elements without any other
impurity element. In addition, the atomic ratio of Ni/Fe
approximately is 0.17, which is very close to the stoichio-
metric ratio value of 0.22. And the atomic ratio of Bi/Fe
approximately is 0.33, which also basically agrees with the
stoichiometric ratio value of 0.49. The brightness of the
element distribution diagram represents the content of the
element on the corresponding position. It can be observed

R

Fig. 2: Backscattered SEM of the (1-x)(0.6LBFO-0.4BT)/xNFO ceramics at 1100 °C for 2 h: (a) x = 0.1; (b) x = 0.2; (c) x = 0.3; (d) x = 0.4.
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that the position of the white phase in the backscattered
SEM micrograph exhibits relatively high brightness in the
Bi, Ba, Tiand La element distribution diagrams, indicating
a relatively high content of Bi, Ba, Ti and La elements on
the corresponding position, and further confirming the
white phase is 0.6LBFO-0.4BT. Moreover, it can be con-
firmed that the black phase is NFO for the same reason.
It can be clearly seen that all the related elements are dis-
tributed uniformly in the element distribution diagram,
confirming that the two phases are well distributed in the
composites. In conjunction with the XRD analysis and
the backscattered SEM micrographs, it can be concluded
that the 0.6LBFO-0.4BT/NFO ceramics only consist of
0.6LBFO-0.4BT and NFO and the two phases exhibit
uniform distribution in the composites.

Fig. 4 shows the frequency dependence of the dielectric
properties of the 0.6LBFO-0.4BT ceramic, NFO ceramic
and 0.6LBFO-0.4BT/NFO ceramic composites sintered
at 1100 °C in the frequency range from 100 Hz to 1 MHz.
It can be seen that all the 0.6LBFO-0.4BT/NFO ceram-
ics show similar dielectric behavior at room temperature
while the value of ¢’ decreases gradually with increasing
frequency. Higher values of ¢’ at lower frequencies are due
to the presence of the different types of polarization 31 (i.e.,
dipolar, ionic, electronic, and interfacial) in the ceramics.
The main polarization of the 0.6LBFO-0.4BT/NFO ce-
ramics is interfacial polarization at the interface of the two
constituents in the ceramics 32. As the test frequency in-
creases, some of the above-mentioned polarizations can-
not follow the alternating field and give a lower contribu-
tion to the ¢’ value. It can also be seen that the value of ¢’
increases with increasing concentration of NFO owing to
the fact that the pure NFO possesses a higher ¢’ value than
0.6LBFO-0.4BT ceramics.

£l
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Fig. 3: Backscattered SEM micrograph, energy spectrum image and the element distribution images of the representative 0.8(0.6LBFO-

0.4BT)/0.2NFO ceramic sintered at 1100 °C for 2 h.
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Fig. 4: Frequency dependence of the dielectric properties of the

0.6LBFO-0.4BT ceramic, NFO ceramic and the 0.6LBFO-0.4BT/

NFO ceramics with different concentrations of NFO sintered at

1100°C for 2 h.

el PR SR 1

The value of tan 8 decreases with increasing NFO con-
centration below 5 kHz. When an alternating electric field
was applied, there are polarization loss and leakage losses.
The dielectric loss can be described by the following De-
bye formula:

(& - €00 OT) Y 1
D=Dp+D¢= 72T & € 1)
£s+soom T 0)80 eoo'f'm

where D is the total dielectric loss, Dp is the polarization
loss and D is the leakage loss, e jand ¢, denote the relative

permittivity of static electrical field and optical frequency,
respectively. t and y refer to the relaxation time and the
conductivity. It can be found that the polarization loss D,
goes to 0 with the frequency (w—0), and in this case, the
frequency is low, the tand which is almost attributed to the
leakage loss and can be approximately described as below:
~ 7
b= WEQEs <2)
Thus, tand is inversely proportional to the test frequency
in the low-frequency range, which explains why the val-
ue of tand decreases with the frequency increases at low-
er frequency. It also explains why the tans of 0.6LBFO-
0.4BT/NFO ceramics is much higher than that of the pure
0.6LBFO-0.4BT ceramic owing to the decrease of resistiv-
ity with the introduction of NFO.

Fig. 5 shows the temperature dependence of the dielectric
properties of 0.6LBFO-0.4BT/NFO ceramics with differ-
ent concentrations of NFO sintered at 1100 °C. For the
pure 0.6LBFO-0.4BT ceramic, ¢’ increases continuously
along with the temperature. For NFO ceramic, the di-
electric curves demonstrate relaxation behaviors. With the
increase of frequency, the value of the ¢’ deceases while
the maximum of ¢’ shifts to higher temperature. This phe-
nomenon can be explained as follows. The occupations of
the NiZ+ions on the octahedral sites and the Fe3*ions on
the tetrahedral sites results in the hopping of the charge
carriers and the semiconducting nature of the NFO:

Ni2* + Fe* ¢ Ni** + Fe?* 3)
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Fig.5: Temperature dependence of the dielectric properties of the (a) 0.6LBFO-0.4BT ceramic, (b) NFO ceramic and (c) 0.8(0.6LBFO-

0.4BT)/0.2NFO ceramic sintered at 1100 °C for 2 h.

This hopping not only contributes to direct current (dc)
conductivity, but the dipolar effect 33. Additionally, with
increasing the concentrations of the NFO, the ¢’ of the
composites increases, which results from the lower resis-
tivity of the NFO. Moreover, the relaxation behaviors be-
come apparent.

The room temperature magnetic hysteresis (M-H) loops
of the 0.6LBFO-0.4BT, NFO and the 0.6LBFO-0.4BT/
NFO ceramicsare shownin Fig. 6. Itcan be seen thatall the
0.6LBFO-0.4BT/NFO ceramics show single-phase-like
magnetic hysteresis loops, indicating that the 0.6LBFO-
0.4BT phase and the NFO phase are well exchange-cou-
pled. Obviously enhanced magnetic properties of the ce-
ramics can be obtained and the M increases with increas-
ing concentration of NFO. Table 1 summarizes the satu-
ration magnetization (M) of the as-prepared 0.6LBFO-
0.4BT/NFO ceramics and those of the doped BFO-BT
ceramics reported in the literature. It can be clearly seen
that all the M, are much higher than those of the doped
BFO-BT ceramics, suggesting that compositing NFO in-
to BFO-BT is a good solution to enhance the magnetic
properties of BFO-BT. The details of the hysteresis loops
are given in Table 2. The residual magnetism and coerciv-

ity of the ceramics sample are very low, and are close to
those parameters of the pure NFO ferrite, indicating that
0.6LBFO-0.4BT/NFO composite is a well-formed soft
magnetic material.
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Fig. 6: Magnetic hysteresis (M-H) loops of the 0.6LBFO-0.4BT
ceramic, NFO ceramic and the 0.6LBFO-0.4BT/NFO ceramics
with different concentrations of NFO sintered at 1100 °C for 2 h.
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Table 1: Saturation magnetization (M) of doped BFO-BT ceramics and the as-prepared 0.6LBFO-0.4BT/NFO ceramics

with different concentrations of NFO.

Sample M (emu/g) Ref.
0.7BiFeq ;5S¢ ;03-0.3BaTiO; 0.10 [34]
Big 75Bag 25(Fe,Ti)g.9sMng 0503 0.14 (35]
Big¢Gdo.1Bag 3Feq 710303 0.34 [36]
0.85Bi 05Dy 05Fe03-0.15BaTiO; 0.38 [37]
0.6LBFO-0.4BT 0.10 This work
0.9(0.6LBFO-0.4BT)/0.INFO 4.16 This work
0.8(0.6LBFO-0.4BT)/0.2NFO 8.65 This work
0.7(0.6LBFO-0.4BT)/0.3NFO 13.08 This work
0.6(0.6LBFO-0.4BT)/0.4NFO 17.35 This work

Table 2: Magnetic property parameters of the 0.6LBFO-0.4BT/NFO composites with different concentrations of NFO

sintered at 1100 °C for 2 h.

Sample M, (emu/g) M, (emu/g) H(Oe)
0.6LBFO-0.4BT 0.24 0.2 43
0.9(0.6LBFO-0.4BT)/0.1NFO 4.1 0.4 64
0.8(0.6LBFO-0.4BT)/0.2NFO 8.5 0.7 70
0.7(0.6LBFO-0.4BT)/0.3NFO 12.8 1.2 79
0.6(0.6LBFO-0.4BT)/0.4NFO 17.0 1.4 86
NFO 43.6 2.3 93

IV. Conclusions

In conclusion, 0.6LBFO-0.4BT/NFO ceramics were
successfully synthesized with a one-step sol-gel in-situ
method. The XRD, backscattered SEM and EDS anal-
yses reveal that 0.6LBFO-0.4BT and NFO phase can
coexist and exhibit clear phase composition of the two
phases, uniform distribution and can be dense-sintered.
The introduction of NFO has an obvious impact on the
dielectric and magnetic performance. The dielectric mea-
surement indicates that the dielectric constant increases
while dielectric loss tangent value decreases with increas-
ing concentration of NFO at low frequencies. The mag-
netic measurement indicates that all the 0.6LBFO-0.4BT/
NFO ceramics show single-phase-like magnetic hystere-
sis loops, and the saturation magnetization (M) increase
with increasing concentration of NFO.
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