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Enhanced ferroelectricity, piezoelectricity, and ferromagnetism
in Nd-modified BiFeO;-BaTiO3; lead-free ceramics
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Lead-free multiferroic ceramics of 0.75Bi;_,Nd,FeO; — 0.25BaTiOs+ I mol. % MnO, were
prepared by a conventional ceramic technique and their structure, piezoelectricity, and
multiferroicity were studied. The ceramics sintered at 890-990°C possess a pure perovskite
structure. A morphotropic phase boundary of rhombohedral and monoclinic phases is formed at
x=0.05. A small amount of Nd improves the ferroelectric and piezoelectric properties of the
ceramics. The ferroelectric-paraelectric phase transition becomes gradually diffusive with x
increasing. After the addition of Nd, the ferromagnetism of the ceramics is greatly enhanced by
~320%. The increase in sintering temperature improves significantly the ferroelectric, piezoelec-
tric, and ferromagnetic properties of the ceramics. The ceramics with x=0.05 sintered at
950-990 °C possess improved ferroelectricity, piezoelectricity, magnetism and insulation with P,
of 16.5-17.5 uC/em?, ds3 of 113-121 pC/N, M, of 0.127-0.138 emu/g, R of ~5 x 10° Q-cm and
high T of 473-482 °C, indicating that the ceramic is a promising candidate for room-temperature

multiferroic and high-temperature piezoelectric materials. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901198]

I. INTRODUCTION

In recent years, lead-free piezoelectric and ferroelec-
tric ceramics have received considerable attention because
of environmental protection. BaTiO3-,l BiOASNaoisTiOy,2
and K0_5Na0_5TiO3—3 based ceramics are considered as
promising candidates for lead-free materials due to their
good piezoelectricity. However, these materials usually
exhibit the poor temperature stability of piezoelectric
properties because of their room temperature coexistence
of tetragonal and orthorhombic phases or low depolariza-
tion/Curie temperature.' > Therefore, there is an increasing
interest to develop lead-free materials with high Curie
temperature.

Because of the simultaneous existence of ferromagnet-
ism and ferroelectricity, perovskite BiFeOs has been exten-
sively investigated and exhibits potential multifunctional
applications with various advanced devices.*® BiFeOs pos-
sesses the very high Curie temperature Tc of 830°C and
Néel temperature Ty of 370°C,’ suggesting that it may be a
promising candidate for lead-free multiferroic and high tem-
perature piezoelectric materials. However, pure BiFeO; ce-
ramic usually exhibits high electrical leakage because of the
reduction of Fe ions from Fe*" to Fe*" during sintering and
the formation of oxygen vacancies for charge compensa-
tion,'*"? leading to difficulties in obtaining saturated polar-
ization hysteresis loop and electric poling for evaluating the
piezoelectric response of the material. In addition, due to the
narrow temperature range of phase stabilization, BiFeO;

YAuthor to whom correspondence should be addressed. E-mail:
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ceramic with pure perovskite phase is difficult to synthesize
and some impurity phases usually exist in the BiFeOj ce-
ramic.”~"" In order to increase the electric resistivity and in-
hibit the formation of impurity phases of BiFeOs-based
materials, a lot of investigations have been carried out; these
include the use of various fabrication techniques,”'*'* the
partial substitutions of analogous ions for Bi*" and Fe’" in
the BiFeO; lattices'>™!” and the formation of solid solutions
of BiFeO; with ABO;-type perovskites.”>** Among
BiFeOs-based solid solutions, BiFeO;-BaTiO5 is a classic
mutliferroic system that has been frequently investi-
gated.”>*~2° However, these studies mainly focused on
dielectric and magnetic properties and rarely show saturated
ferroelectric hysteresis loops and considerable piezoelectric
response because of the difficulty in electric poling caused
by poor electric insulation of the materials.”> >’ Recently,
Leontsev™’ and Zhou®' er al. reported Mn-doped BiFeOs-
BaTiO; with good piezoelectricity. However, there are few
reports on BiFeOs-based ceramics with the simultaneous ex-
istence of good ferromagnetism, strong ferroelectricity, and
large piezoelectricity. It has been noted that the partial sub-
stitution of rare earth ions for Bi*" (e.g., La”, Sm‘”, Nd>*,
etc.) in BiFeOj3 can enhance the ferromagnetism and ferroe-
lectricity of the materials.'”**7> Therefore, it can be reason-
ably expected that Nd*™ doping may improve the properties
of BiFeO;-BaTiO3. To our knowledge, there is no report on
Nd-modified BiFeO5-BaTiO3 ceramic and its structure, pie-
zoelectric and multiferroic properties. In the present work,
0.75Bi;_,Nd,FeO5; — 0.25BaTiO3 + 1 mol. %MnQO, ceramics
were prepared by a conventional sintering technique in air and
the microstructural, electrical, and magnetic properties of the
ceramics were studied. On the basis of the reported work, 303!

© 2014 AIP Publishing LLC
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I mol. % MnO, was added to increase the resistivity of the
ceramics.

Il. EXPERIMENTAL

Lead-free multiferroic ceramics of 0.75Bi;_,Nd,FeO;
—0.25BaTiO3 4 1 mol. % MnO, (BFO-BT-Nd-x) were pre-
pared by a conventional ceramic fabrication technique using
metal oxides and carbonate powders as raw materials: Bi,O;
(99.9%), Nd,O3 (99.9%), Fe,05 (99%), BaCO3 (99%), TiO,
(99.9%), and MnO, (99%). The powders were weighed in
the stoichiometric ratio of 0.75Bi;_,Nd,FeO; — 0.25BaTiO3,
mixed thoroughly in ethanol using zirconia balls for 12 h, then
dried and calcined at 800°C for 4h. After the calcination,
MnO, powder was added. The mixture was ball-milled again
for 12h, mixed thoroughly with a poly(vinyl alcohol) binder
solution, and then pressed into disk samples. After removal of
the binder at 650-700°C, the samples were sintered at
890-990 °C for 2 h in air. Silver electrodes were fired on both
surfaces of the sintered ceramics at 650°C for 15min. The
samples were poled at 120 °C for 20 min and then cooled to
room temperature in a silicone oil bath under a dc field of
5kV/mm. As a comparison, a pure BiFeO; ceramic was pre-
pared by a conventional ceramic technique and sintered at
775 °C for 2h. Our study shows that the sintering temperature
of pure BiFeO;5 is much lower than that of BFO-BT-Nd-x
ceramics. The pure BiFeO; can be sintered at 775°C/2h;
however, when sintering temperature increases above 775 °C
(for 2h), BiFeOs; is melted.

The crystalline structure of the sintered samples was
examined using X-ray diffraction (XRD) analysis with Cuk,
radiation (SmartLab, Rigaku, Tokyo, Japan). The surface
microstructures of the sintered samples were observed by
scanning electron microscopy (SEM, FEI-Quanta 250,
Oregon, USA). The average grain size was obtained by mul-
tiplying the average of grains by 1.56.°*%7 The bulk density

J. Appl. Phys. 116, 184101 (2014)

p was measured by the Archimedes’ method. The LCR meter
(Agilent E4980A, Agilent Technologies Inc., Santa Clara,
CA) and temperature controlled probe stage (Linkam
TS1500E, Linkam Scientific Instruments Ltd., Guildford,
UK) were used to measure the temperature dependence of
relative permittivity ¢, of the sintered samples at 1 MHz. A
precision materials measuring system (Premier II, Radiant
Technologies Inc., Northford, USA) was used to measure the
polarization hysteresis (P-E) loops and resistivity R at room
temperature. The planar electromechanical coupling factor
k, was determined by the resonance method according to the
IEEE Standards 176 using an impedance analyzer (Agilent
4294 A, Agilent Technologies Inc., Santa Clara, CA). The
piezoelectric constant d33; was measured using a piezo-ds;
meter (ZJ-3A, Institute of Acoustics, Chinese Academy of
Sciences, Beijing, China). The magnetic hysteresis loops
were measured using a magnetic measurement instrument
(MPMS-XL-7, Quantum Design, San Diego, USA).

lll. RESULTS AND DISCUSSIONS

Fig. 1 shows the XRD patterns of the BFO-BT-Nd-x
ceramics sintered at 950 °C for 2h, while the XRD patterns
of the BFO-BT-Nd-0.05 ceramics sintered at different sinter-
ing temperatures T for 2h are shown in Fig. 2. It has been
known that the single-phase BiFeO; ceramic is difficult to
synthesize because of its narrow temperature range of phase
stabilization, resulting in some undesired impurity phases
(e.g., Bi,Fe 09, BiysFeOso, etc.).g’ll However, from Figs. 1
and 2, all the BFO-BT-Nd-x ceramics exhibit the typical dif-
fraction peaks of ABO; perovskite phase without an exis-
tence of any second phases. The results indicate that a
homogeneous solid solution of BFO-BT-Nd-x could be
formed after Nd and BaTiO5z were added. Similar to BiFeOs,
the ceramic with x =0 (i.e., without Nd doping) exhibits a
rhombohedral symmetry. As x (i.e., the concentration of Nd)
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FIG. 1. XRD patterns of the BFO-BT-
Nd-x ceramics sintered at 950°C for
2h.
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increases, a monoclinic phase appears and grows continu-
ously. At x > 0.075, the ceramic becomes a pure monoclinic
phase (Fig. 1(b)). This suggests that a morphotropic phase
boundary (MPB) of rhombohedral and monoclinic phases is
formed at x=0.05. The crystal structure transformation
caused by the partial substitutions of analogous ions (e.g.,
La3+, Sm3+, Nd3+, etc.) for Bi ions has been frequently
observed in BiFeO;-based materials.'>'”*>73* For the pres-
ent ceramics, the structure evolution may be ascribed to a
chemical pressure related response induced by the partial
substitution of Nd ions for Bi ions due to the smaller ionic
radius of Nd*>" (0.131 nm) than that of Bi*" (0.136 nm)."”
From Fig. 2, the BFO-BT-Nd-0.05 ceramics sintered at
890-930°C have a rhombohedral structure. As T increases
further to 990 °C, the ceramics are changed gradually into a
coexistence of rhombohedral and monoclinic phases. This
may be evidenced by the slight splitting of the diffraction
peak near 39° as observed in the BFO-BT-Nd-0.05 ceramics
with T increasing from 890 °C to 990 °C.

For all the ceramics, a general diffraction/reflectivity
analysis program MAUD? was used to perform a full-
pattern matching using the Rietveld method and refine the
cell parameters. Based on the thombohedral R3¢ and mono-
clinic C1m1 structures, the lattice parameters (a, b, ¢, and f3)
of the ceramics were refined using all the diffraction peaks
shown in Figs. 1 and 2 by the Rietveld method. The compo-
sition and sintering temperature dependences of the lattice
parameters (a, b, ¢, and f3) and fitting parameters (R,,, and 5)
of the BFO-BT-Nd-x ceramics (x =0, 0.025, 0.05, 0.075,
0.10, 0.125, and 0.15) sintered at 950°C/2h and the BFO-
BT-Nd-0.05 ceramics sintered at 890-990°C for 2h are
shown in Tables I and II, respectively. From Tables I and 1I,
for all the refinement, the small values of the reliability R,
of 7.43%—11.73% (<15%) and goodness-of-fit indicator S of
1.12-1.67 (<2) are obtained, suggesting a good agreement
matching between the observed and calculated patterns.”®
That is, all diffraction peaks of the ceramics can be indexed
and refined to the rhombohedral R3¢ and/or monoclinic

TABLE 1. Composition dependences of the lattice parameters (a, b, ¢, and f8) and fitting parameters (R,,;, and S) of the BFO-BT-Nd-x ceramics (x =0, 0.025,
0.05, 0.075, 0.10, 0.125, and 0.15) sintered at 950 °C/2 h. [the superscript “R” and “M” represent rhomhedral and monoclinic, respectively].

Lattice parameters

R-factors (%)

X a(A) bA) c(A) B (deg) Weight (%) Ryp N

0 5.6275(5) 5.6275(5) 13.9049(5) 8.64 1.26
0.025 5.6273(5) 5.6273(5) 13.8783(4) 8.43 1.21
0.05 5.6303(4)R 5.6303(4)R 13.8585(0)R 85.84R 9.04 1.32

5.5512(HM 5.69142)M 3.9949(7H)M 84.2786(5) 14.16M

0.075 5.6285(0) 5.6343(3) 3.9859 (9) 89.9760(8) 8.55 1.22
0.1 5.6307(6) 5.6295(6) 3.9827(3) 89.9938(7) 7.97 1.14
0.125 5.6295(9) 5.6216(4) 3.9811(2) 90.0491(8) 7.43 1.12
0.15 5.6855(2) 5.6239(3) 3.9787(8) 91.9140(0) 9.57 1.39
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TABLE II. Sintering temperature dependences of the lattice parameters (a, b, ¢, and ) and fitting parameters (R,,;, and S) of the BFO-BT-Nd-0.05 ceramics
sintered at 890-990 °C for 2 h. [the superscript “R” and “M” represent rhomhedral and monoclinic, respectively].

Lattice parameters

R-factors (%)

T, (°C) a(A) b(A) c(A) B (deg) Weight (%) Ryp s

890 5.6379(9) 5.6379(9) 13.7831(0) 8.42 1.21

910 5.6315(4) 5.6315(4) 13.7939(4) 11.28 1.67

930 5.6296(3) 5.6296(3) 13.8413(6) 8.66 1.26

950 5.6303(4)R 5.6303(4)R 13.8585(0)% 85.84R 9.04 1.32
5.5512(HM 5.69142)M 3.9949(7)M 84.2786(5) 14.16M

970 5.6329(8)% 5.6329(8)% 13.8388(1)} 30.99% 11.73 1.64
5.6398(5M 5.6303(6)M 3.9930(5M 90.0279(0) 69.01M

990 5.6310(4)R 5.6310(4)R 13.8218(6)R 28.11R 11.53 1.65
5.6404(5M 5.63332)M 3.98952)M 89.8667(9) 71.89M

C1ml structures by the Rietveld method. From Table I, for
the BFO-BTO-Nd-x ceramics with rhombohedral symmetry,
the observed lattice parameters a and c¢ decreases from
5.6275 A/13.9049 A t0 5.6273 A/13.8783 A with x increasing
from O to 0.025; for the ceramics with monoclinic symmetry,
as x increases from 0.075 to 0.15, the observed lattice param-
eters a and f§ increase from 5.6285 A/89.9760° to 5.6855 A/
91.9140°, while the observed lattice parameters b and ¢
decrease from 5.6343 A/3.9859 A to 5.6239 A/3.9787 A. A
MPB could be identified in the BFO-BT-Nd-x ceramic with
x=0.05 within which the rhombohedral and monoclinic
phases coexist with the relative concentration of 85.84% (R)
and 14.16% (M), respectively. From Table II, the BFO-
BTO-Nd-0.05 ceramics sintered at 890-930°C for 2h pos-
sess a thombohedral symmetry; as T increases from 890 °C

to 930°C, the observed lattice parameter a decreases from
5.6379 A to 5.6296 A, while the observed lattice parameter ¢
increases from 13.7831A to 13.8413A. At the T, of
950-990 °C, the BFO-BT-Nd-0.05 ceramic is located at the
coexistence zone of rhombohedral and monoclinic phases;
with T increasing from 950 °C to 990 °C, the relative con-
centration of monoclinic phase increases from 14.16% to
71.89%.

Fig. 3 shows the SEM graphs of the surface microstruc-
ture of the BFO-BT-Nd-x ceramics with x =0, 0.05, 0.10,
and 0.15 sintered at 950 °C for 2 h. It can be seen that all the
ceramics are dense without pores (Fig. 3). From Fig. 3(a),
for the BFO-BT-Nd-0 ceramic, the grains have an average
grain size of about 6.58 um. After the partial substitution of
Nd** for Bi*", the grain size of the ceramics gradually

FIG. 3. SEM graphs of the surface
microstructure of the BFO-BT-Nd-x
ceramics with x =0 (a), 0.05 (b), 0.10
(c), and 0.15 (d) sintered at 950 °C for
2h.
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becomes smaller and the average grain sizes of the ceramics
with x=0.05, 0.10, and 0.15 are about 5.97 um, 4.88 um
and 3.18 um, respectively, suggesting that the Nd doping has
an obvious effect on the inhibition of grain growth. It has
been known that rare earth ions are usually considered as
grain growth inhibitor in perovskites because of their rela-
tively low diffusivity.'” This leads to the decrease in grain
size of the ceramics after the Nd doping. Similar suppressed
effect of grain growth induced by rare earth ions doping
has been observed in La- and Sm-modified BiFeOs3
ceramics.'>?

Fig. 4 shows the SEM graphs of the surface microstruc-
ture of the BFO-BT-Nd-0.05 ceramics sintered at 890 °C,
910°C, 930°C, 950°C, 970 °C, and 990 °C for 2 h, while the
grain size distributions of the ceramics with x = 0.05 sintered
at 890°C, 910°C, 930°C, 950°C, 970°C, and 990°C are
shown in Fig. 5. It can be seen that the sintering temperature
has a very important influence on the microstructure of the
ceramic with x =0.05 (Fig. 4). From Fig. 4(a), the BFO-BT-
Nd-0.05 ceramic sintered at 890°C for 2h exhibits a very
uniform and loose structure with a large amount of pores and
ambiguous grain boundary. The average grain size of the ce-
ramic with x =0.05 sintered at 890 °C for 2h is about 1.83
um. Clearly, the T of 890 °C is not high enough for sintering
and densification of the ceramic. As T increases from
910°C to 990°C, the ceramics are well crystallized and
become gradually dense; and distinct grains and clear grain
boundaries are observed in the ceramic with x=0.05

FIG. 4. SEM graphs of the surface microstructure of the BFO-BT-Nd-0.05
ceramics sintered at (a) 890°C, (b)910°C, (c) 930°C, (d) 950°C, (e)
970°C, and (f) 990 °C for 2 h.

J. Appl. Phys. 116, 184101 (2014)

sintered at 930-990°C (Figs. 4(c)—4(f)). The increase in T
leads to the significant increase in the grain size of the
ceramics. The average grain size values of the ceramic with
x=0.05 sintered at 910°C, 930°C, 950°C, 970°C, and
990°C for 2h are about 3.53 um, 4.87 pum, 5.93 um, 7.85
um, and 9.39 um, respectively. From Fig. 5(a), for the ce-
ramic with x =0.05 sintered at 890 °C for 2 h, most of grains
(~90%) exhibit a range of average grain size between 0.3
and 3.0 um and the size distribution is pseudo-symmetric,
suggesting that the grain sizes are relatively uniform.
However, the observed average grain size distribution
becomes gradually wider and much asymmetric with T
increasing, showing that large and small grains coexist in the
ceramic with x =0.05 (Figs. 5(b)-5(f)). This coexistence of
large and small grains in the present ceramics sintered at
high temperatures has been observed in piezoelectric
ceramics.*” !

Fig. 6(a) shows the compositional dependence of the rel-
ative density p, of the BFO-BT-Nd-x ceramics sintered at
950 °C for 2 h, while the p, of the BFO-BT-Nd-0.05 ceramics
as a function of T is shown in Fig. 6(b). From Fig. 6(a), the
observed p, of the BFO-BT-Nd-x ceramics with x =0 has a
high p, of 94.3%. After the addition of 2.50-7.50 mol. % Nd,
the observed p, increases significantly to 97.9% and then
decreases slightly to 95.2% with x further increasing to 0.15.
From Fig. 6(b), the T; has a significant influence on the p, of
the BFO-BT-Nd-0.05 ceramics. The BFO-BT-Nd-0.05
ceramic sintered at 890°C for 2h has a relatively low p,
value of 86.0%. As T increases to 910 °C, the observed p, of
the ceramic increases significantly to 96.0%. As T further
increases to 930-990 °C, the observed p, of the BFO-BT-
Nd-0.05 ceramic exhibits a small fluctuation of 97.3-97.7%
(Fig. 6(b)). These results show that as compared to other per-
ovskite ceramics,lfl42 the BFO-BT-Nd-x ceramics can be
well densified at the wide range of very low sintering tem-
peratures of 910-990 °C.

Figs. 7(a) and 7(b) show the dependences of the resistiv-
ity R of the BFO-BT-Nd-x ceramics with x =0, 0.05, 0.10,
and 0.15 sintered at 950 °C for 2 h and the BFO-BT-Nd-0.05
ceramics sintered at 890 °C, 950°C, and 990 °C for 2h on
the electric field E, respectively. As a comparison, a pure
BiFeO; ceramic was sintered at 775 °C for 2 h, and its varia-
tion of R with FE is also plotted in Fig. 7(a). It can be seen
that the pure BiFeO; ceramic exhibits a very low R value of
2.27 x 10" Q-cm (under 3.0kV/mm). This is due to the
reduction of Fe ions from Fe*" to Fe*" during sintering and
the formation of oxygen vacancies V; for charge compensa-
tion,'0~12 However, from Fig. 7, all the BFO-BT-Nd-x
ceramics sintered at 890-990°C exhibit the significant
improved R values of 3.01 x 10° — 1.67 x 10'°Q-cm under
the electric field of 3 kV/mm, showing that the introduction
of BaTiO3 and MnO, into BiFeOj3 could greatly improve the
electric insulation of the ceramics. The partial substitutions
of Fe>™ by Mn*" and Ti*" lead to the significant suppression
of the formation of Fepe;. > and Vo 1221 A g result, the
improved resistivity of the BFO-BT-Nd-x ceramics sintered
at 890-990 °C is obtained. Similar enhancement in the elec-
tric insulation induced by Mn and/or Ti doping has been
observed in modified BiFeO; materials.'??'**>! From Fig.
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FIG. 5. Grain size distribution of the BFO-BT-Nd-0.05 ceramics sintered at different T for 2 h.

7(a), Nd doping slightly improves the electric insulation of
the ceramics. This may be ascribed to the suppression of the
possible volatility of Bi*" at high sintering temperatures af-
ter the addition of Nd**.

Figs. 8(a) and 9(a) show the P-E loops of the BFO-BT-
Nd-x ceramics sintered at 950 °C for 2 h and the BFO-BT-Nd-
0.05 ceramics sintered at different T, while the composition
and sintering temperature dependences of the remnant polar-
ization P, and coercive filed E. of the BFO-BT-Nd-x ceramics
sintered at 950°C for 2h and the BFO-BT-Nd-0.05 ceramics
sintered at different T are shown in Figs. 8(b) and 9(b),
respectively. Because of much better electric insulation than
the pure BiFeO; ceramic (Fig. 7), all the ceramics sintered at
890-990°C possess typical and saturated P-E loops (Figs.
8(a) and 9(a)). From Figs. 8(a) and 8(b), the addition of a
small amount of Nd (x <0.05) enhances significantly the

ferroelectricity of the ceramics, while excess Nd doping
(x>0.10) degrades greatly the ferroelectricity of the
ceramics. For the ceramics with a low level of Nd doping
(x=0-0.05), well saturated and developed P-E loops are
observed and the increased P, values from 10.0 uC/cm? to
16.5 uC/cm? are obtained with x increasing from 0 to 0.05.
However, with the addition of excess Nd (x =0.075-0.15),
the observed P, decreases steeply from 8.15 uC/cm? to 0.85
pC/em? with x increasing from 0.075 to 0.15. Besides, slim
and slanted P-E loops are also observed in the ceramics with
high Nd level (x =0.075-0.15). This may be attributed to the
higher disorder in the structure induced by the addition of
excess Nd>".** Like P,, similar variation of E, with x is
observed and the maximum E. value of 4.37kV/mm is
obtained at x =0.05. These results suggest that a low doping
level of Nd (x=0-0.05) can enhance effectively the
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ferroelectricity of the BFO-BT-Nd-x ceramics. It has been
known that for conventional perovskite ferroelectrics, the
charge transfer from the oxygen to the unoccupied transition
metal d orbital can stabilize the ferroelectric distortion. In
spite of the partial substitution of a small amount of Nd*"
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(x <0.05) for Bi*", a lone s* of electrons of Bi*" can hybrid-
ize with an empty p orbital of Bi** or O*~ to form a localized
lobe, which leads to the noncentrosymmetric distortion and
thus enhances the ferroelectricity of the materials.>® However,
the introduction of excess Nd (x >0.075) may weaken the
stereochemical activity of the Bi lone electron pair.®® As a

204(a)

P (uC/em’)
<

7 —— 1=890°C

—o— T=930°C
-20+ ——T=970°C
9 6 3 0 3 6 9
E (kV/mm)
20 5
(b) [
e D/D D/
E 159 o—O—o | E
S £
=1 o 4 g
& 10 0> e
—O—E,

5 T T T T 3
890 910 930 950 970 990
T (C)

FIGS. 9. (a) P-E loops of the BFO-BT-Nd-0.05 ceramics sintered at differ-
ent T, for 2h; and (b) Variations of P, and E. of the BFO-BT-Nd-0.05
ceramics for 2 h with T,



184101-8 Zheng et al.

result, the degraded ferroelectricity of the ceramics is obtained
in the ceramics with high Nd levels. From Fig. 9(b), as T
increases from 890°C to 990°C, the observed P, increases
greatly from 7.18 uC/em? to 17.5 uC/em?, while the observed E,
increases slightly from 3.69kV/mm to 4.27kV/mm. Clearly,
the sintering temperature has an important influence on the
ferroelectricity of the BFO-BT-Nd-0.05 ceramics. From Fig.
4, the grain size of the ceramics increases with the sintering
temperature. Therefore, it may be concluded that there is a
positive correlation between the ferroelectricity and grain size
of the BFO-BT-Nd-0.05 ceramics. That is, the bigger the
grains of the ceramics, the larger the polarization of the
ceramics. This may be ascribed to the easier polarization re-
versal process of ferroelectric domain in larger grains than in
smaller grains.**~*’ Similar grain size effect on ferroelectricity
has been frequently observed in the perovskite BaTiO5-* and
Pb(Ti,Zr)O5-based ceramics.*

Fig. 10(a) shows the temperature dependence of relative
permittivity & and loss tangent tan d at 1 MHz for the BFO-
BT-Nd-x ceramics sintered at 950 °C for 2 h, while the varia-
tion of Curie temperature T of the BFO-BT-Nd-x ceramics
sintered at 950 °C for 2h with x is shown in Fig. 10(b). All
the ceramics (x = 0-0.15) exhibit only a dielectric peak (Fig.
10(a)). As x increases, the phase transition peaks of the
ceramics become gradually broad. This suggests that the par-
tial substitution of Nd** for Bi** induces a diffusive phase
transition in the ceramics with high level of Nd**. Due to
small difference of ionic radius between Bi*" and Nd**, the
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FIG. 10. (a) Temperature dependences of ¢, and tan ¢ at 1 MHz for the BFO-
BT-Nd-x ceramics sintered at 950 °C for 2 h; (b) Compositional dependence
of T¢ of the BFO-BT-Nd-x ceramics sintered at 950 °C for 2h on x.
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addition of Nd*" may lead to the increment in the disorder
degree of A-site ions and the local compositional fluctuation.
Consequently, a diffusive phase transition is observed in the
ceramics with high Nd** levels. From Fig. 10(b), after the
partial substitution of Nd** for Bi*", the observed T¢
decreases greatly from 655 °C to 391 °C. The decrease in T¢
may be due to the softness of the short-range repulsion force
against the ferroelectric ordering.*® Similar effect of ion sub-
stitution on phase transition temperature has been observed
in Sm-modified BiFeO; ceramics.*’

Fig. 11(a) shows the temperature dependence of ¢, and
tan 0 at 1 MHz for the BFO-BT-Nd-0.05 ceramics sintered at
different T for 2 h, while the variation of T of the BFO-BT-
Nd-0.05 ceramics with T is shown in Fig. 11(b). From Fig.
11(a), all the BFO-BT-Nd-0.05 ceramics sintered at
890990 °C exhibit a ferroelectric-paraelectric phase transi-
tion peak at Tc. The ceramic sintered at 890 °C exhibits a
broad peak at Tc. However, as T increases, the dielectric
peak becomes sharper and much intense, which corresponds
to the increase in grain size induced by the increase in 7. In
general, the ceramics with large grains exhibit sharper and
more intense phase transition peaks than those with small
grains. This phenomenon has been frequently reported in
perovskite ferroelectrics.**>°?  From Fig. 11(b), the
observed T shifts to low temperature (from 502°C to
473°C) with Ty increasing from 890°C to 990 °C. From
Figs. 4 and 11, the BFO-BT-Nd-0.05 ceramics with large
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FIG. 11. (a) Temperature dependences of ¢ and tan 6 at | MHz for the BFO-

BT-Nd-0.05 ceramics sintered at different sintering temperature T for 2 h;
(c) Variation of T¢ of the BFO-BT-Nd-0.05 ceramics with T



184101-9 Zheng et al.

grains exhibit lower T than those with small grains. This
negative correlation between Curie temperature and grain
size has been frequently reported and well corresponds to the
results of some investigations.****7>* It is also noted from
Fig. 2 that the diffraction peaks shift slightly to higher dif-
fraction angles with grain size (sintering temperature)
increasing. This suggests that there is shrinkage of cell vol-
umes in the coarse-grained ceramics. This cell volume effect
may lead to the decrease in the TC.44 However, the exact rea-
son for the decrease in the T with grain size increasing in
the present ceramics is still unclear.

The composition dependences of piezoelectric constant
ds33, planar electromechanical coupling factor kp, relative per-
mittivity ¢, and loss tangent tano for the BFO-BT-Nd-x
ceramics sintered at 950°C for 2h are shown in Fig. 12,
while the variations of ds3, kp, ¢, and tan 6 of BFO-BT-Nd-
0.05 ceramics sintered for 2 h with T are shown in Fig. 13.
For the BFO-BT-Nd-x ceramics sintered at 950 °C for 2h,
the observed ds3 increases from 90 pC/N to 113 pC/N with x
increasing from O to 0.05 and then decreases greatly to 4 pC/
N with x increasing to 0.15. The observed &, gives large val-
ues of 28.0%-32.4% at x=0-0.05 and then decreases
quickly to 8.5% with x increasing to 0.15. Clearly, the substi-
tution of 5mol. % Nd*" for Bi*" can enhance the piezoelec-
tric properties, which should be attributed to the improved
polarization and formation of the MPB in the Nd-doped
ceramics. However, excess Nd> " (x=0.075-0.15) degrades
significantly the piezoelectric properties of the ceramics with
x =0.075-0.15 because of the very weak ferroelectricity of
the ceramics (Fig. 8). The observed ¢, and tan ¢ exhibit simi-
lar compositional dependences and give the maximum val-
ues of 559 and 4.75% at x =0.05 (Fig. 12(b)), respectively.
From Fig. 13, the observed ds3/k, of the BFO-BT-Nd-0.05
ceramics sintered for 2 h increase monotonously from 40 pC/
N/14.8% to 121 pC/N/29.4% with T increasing from 890 °C
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FIG. 12. Composition dependence of ds3, k;, &, and tan o for the BFO-BT-
Nd-x ceramics sintered at 950 °C for 2 h.
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sintered for 2 h with T

t0 990 °C. These variations of d33 and k, with T are consist-
ent with that of the polarization of the ceramics with Tj.
From Figs. 4 and 9(b), as T increases, the ferroelectricity of
the ceramics is enhanced; as a result, the piezoelectricity of
the ceramics is improved with T (grain size) increasing. The
observed ¢, increases linearly from 451 to 561 with T
increasing from 890°C to 950°C and then remains a large
value of 560 at T,=950-990°C. The observed tand
decreases from 8.27% to 4.43% with T increasing 890 °C to
910°C and then exhibits the relatively small values of
4.43%—4.75% at T, =910-990 °C.

The M-H hysteresis loops of the BFO-BT-Nd-x ceramics
with x =0, 0.05, 0.10, and 0.15 sintered at 950°C for 2h are
shown in Fig. 14(a), while Fig. 14(b) shows the M-H hysteresis
loops of the BFO-BT-Nd-0.05 ceramics sintered at 890°C,
950 °C, and 990 °C for 2 h. From Fig. 14, all the BFO-BT-Nd-x
ceramics exhibit the typical magnetization hysteresis loops, sug-
gesting that the ceramics possess simultaneously ferromagnet-
ism and ferroelectricity (Figs. 8, 9, and 14). From Fig. 14(a),
the ceramic with x =0 exhibits the weak ferromagnetism and
the observed saturation magnetization M, remnant magnetiza-
tion M,, and coercive field H. are 0.314 emu/g, 0.054 emu/g,
and 2.31 kOe, respectively. Nd** doping improves greatly the
ferromagnetism of the ceramics. After the addition of 15 mol.
% Nd3+, the remnant magnetization of the ceramics is
increased by ~320% (from M,~0.054emu/g at x=0 to
M, ~0.226emu/g at x=0.15). The ceramics with x =0.05,
0.10, and 0.15 exhibit the M, values of 0.495/0.632/0.765 emu/
g, M, values of 0.127/0.176/0.226 emu/g, and H.. values of 3.54/
3.56/4.26 kOe, respectively. As known, the pure BFO is antifer-
romagnetic with a G-type structure and the Fe’" magnetic
moments ordering forms a long-rang cycloid and thus leads to
zero net magnetization.” As a comparison, the M-H hysteresis
loop of pure BiFeO; was measured and the result is shown in
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FIG. 14. (a) M-H loops of the BFO-BT-Nd-x ceramics sintered at 950 °C for
2h (The inset is M-H hysteresis loop of BiFeO3 ceramic sintered 775 °C for
2h); (b) M-H loops of the BFO-BT-Nd-0.05 ceramics sintered at different
temperature for 2 h.

the inset of Fig. 14(a). It can be seen that a linear dependence
of magnetization on magnetic field is observed, showing the
antiferromagnetic characteristic of BiFeOs, which is consistent
with the previous reports.”>**** In general, the addition of rare
earth ions and other ABOjs-type compounds induces the weak
ferromagnetism or improves the magnetism of the BFO-based
materials.”>!"*"2 For the BFO-BT-Nd-0 ceramic, after the
addition of 25 mol. % BaTiO5; and 1 mol. % MnO, to BiFeQOs,
the spatially modulated spin order in the ceramics with x =0 is
suppressed. This releases the locked magnetization and leads to
nonlinear M-H hysteresis loops with weak ferromagnetism.
However, the M, of the BFO-BT-Nd-0 ceramic is very small
(~0.054 emu/g). From Fig. 14(a), the partial substitution of
Nd** for Bi’" in the 0.75BiFe0;-0.25BaTiO;+ 1 mol%
MnO; plays an important role in enhancing the ferromagnetism
of the materials. The addition of a small amount of Nd*"
(x < 0.05) suppresses the space-modulated spin structure of the
BiFeO; matrix, while the doping of high Nd>* levels (x > 0.05)
results in a structural phase transformation, leading to the fur-
ther destruction of the space-modulated spin structure. These
release the latent magnetization locked within the cycloid and
thus a significantly enhanced M, is observed in the Nd-modified

J. Appl. Phys. 116, 184101 (2014)

ceramics. Similar enhancing ferromagnetism effect induced by
rare earth ions or structural phase transformation has been fre-
quently reported in Nd-, La-, and Sm-doped BiFeO; materi-
als.*** From Fig. 14(b), the increase in T leads to the slight
improvement in the ferromagnetism of the ceramic with
x=0.05. The observed M, M,, and H. increase slightly from
0.458 emu/g, 0.104emu/g, and 3.23 kOe to 0.517emu/g,
0.138 emu/g, and 4.74 kOe with T increasing from 890°C to
990 °C. The improvement in the ferromagnetism induced by
the increase in Ty may be attributed to the decrement in the
structural symmetry of the ceramics. From Fig. 2, as T
increases, the ceramics are transformed gradually from rhombo-
hedral phase to a coexistence of rhombohedral and monoclinic
phases. This may cause the formation of a more imperfect anti-
ferromagnetic ordering at higher 7. As a result, the ferromag-
netism of the ceramics is improved by the increase in Ti.
Similar effect of the crystal symmetry on ferromagnetism has
been observed in BiFeO3-SrTiO; and BiFeOs-BaTiO3
materials.*>>

IV. CONCLUSIONS

Lead-free multiferroic ceramics of 0.75Bi;_,Nd,FeO;
—0.25BaTiO; 4+ 1 mol. % MnO, have been fabricated by a
solid state reaction method. The phase structure, ferroelectric,
piezoelectric, and ferromagnetic properties of the ceramics
have been studied. The Nd-modified BiFeO5-BaTiO5 ceramics
with a pure perovskite structure can be well sintered at the very
low and wide range of sintering temperatures (910-990°C),
which exhibit good electric insulation and high densification.
After the addition of a small amount of Nd>* (x<0.05), the
ferroelectric and piezoelectric properties of the ceramics are
improved and the optimum ferroelectricity (P, = 16.5 uC/cm?)
and piezoelectricity (ds3 = 113 pC/N) are observed at x = (.05,
respectively, while excess Nd (x=0.075-0.15) degrades
greatly the ferroelectric and piezoelectric properties. As the
Nd** level increases, the ferroelectric-paraelectric phase transi-
tion becomes gradually diffusive. The doping of Nd enhances
significantly the ferromagnetic properties of the ceramics. The
remnant magnetization M, is increased greatly by ~320% with
x increasing from O to 0.15. The study shows that the sintering
temperature plays an important role in enhancing the ferroelec-
tric, piezoelectric, and ferromagnetic properties of the ceramics.
The increase in the sintering temperature promotes the grain
growth, causes good densification and improves the ferroelec-
tric, piezoelectric, and ferromagnetic properties of the ceramics.
The ceramic with x=0.05 sintered at 950°C possesses the
improved ferroelectric, piezoelectric, and ferromagnetic proper-
ties with P, of 16.5 uC/cmz, ds; of 113 pC/N, M, of 0.127 emu/
g, large R of 5 x 10° Q-cm, and high T of 482 °C, indicating
that the ceramic is an interesting candidate for room-
temperature multiferroic materials and high temperature piezo-
electric materials.
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