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Abstract
In this paper, we have reported the effect of rare earth  Nd3+ ion substitution on crystal structure, ferroelectric, elec-
trical and magnetic behavior of morphotropic phase boundary (MPB) composition of polycrystalline ceramics 
0.7Bi(1−x)NdxFeO3–0.3PbTiO3(BNFPT), where x = 0, 0.05, 0.10. Rietveld refinement of XRD profiles confirms coexistence of 
rhombohedralR3c and tetragonal P4mmpolymorphs forming MPB for all the compositions. We observed that the remnant 
polarization  Pr increases with increasing  Nd3+ concentration. Piezoelectric studies show gradual increase in piezoelectric 
coefficient  (d33) from 11 to 34 pC/N with increase in  Nd3+ concentration for BNFPT samples. All compositions exhibit weak 
ferromagnetic character. For the same composition range, the study of dielectric behavior revealed gradual decrease in 
Curie temperature  (Tc) as we increased doping content of  Nd3+.
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1 Introduction

Multiferroic materials with ferroelectric, ferromagnetic 
and ferroelastic properties represent a promising and 
appealing class of smart materials [1, 2]. These materials 
have attracted numerous research activities due to their 
potential applications as multifunctional devices [3]. Per-
ovskite-type  BiFeO3 (BFO) is one of the most extensively 
studied multiferroic material which attains a−a−a− tilted 
octahedral structure [4] and crystallizes to distorted 
rhombohedral phase with R3c space group and unit cell 
parameter: a = 5.58 Å and c = 13.9 Å [5, 6]. BFO possesses 
both antiferromagnetic (TN ~ 643  K) and ferroelectric 
(Tc ~ 1143 K) ordering much above the room temperature 
[7, 8]. Beside this, BFO has some inherent tribulations: 
formation of secondary phases, high leakage current and 
lack of structural distortion. Low spontaneous satura-
tion magnetization is also one of the drawback which is 

due to spin helical ordering of magnetic moments that 
suppresses magneto-electric coupling between ordered 
parameters i.e. ferroelectricity and magnetism [5, 6]. Low 
resistivity of bulk BFO samples makes it difficult to display 
well saturated ferroelectric P–E loops [5]. The reason of low 
resistivity of the BFO sample is mainly because of different 
oxidation states of Fe ions i.e.  Fe3+/2+ and also due to anion 
vacancies, which not only affect the ferroelectric proper-
ties but also have a detrimental effect on magnetic prop-
erties [9, 10]. In order to overcome these limitations and 
also to enhance ferroelectric and ferromagnetic properties 
several reports are available on substitution of rare earth 
materials  La3+,  Eu3+,  Pr3+,  Gd3+ and  Nd3+ [11–15] on A-site 
of BFO. The substitution of smaller magnetic rare earth 
cation  Nd3+ for larger  Bi3+ in bulk BFO and thin films have 
modulated the structural parameters thereby destroying 
spin cycloid which further results in weak ferromagnetism 
[16, 17]. Gaur et al. have also reported the reduction in 
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leakage current and absence of secondary phases by 
 Nd3+ substitution in BFO [15]. Lin et al. studied the  Nd2O3 
modified tetragonal  BaTiO3/PVDF ceramic composites for 
high performance capacitors [18] and the same group also 
investigated the Nd-BaTiO3/PVDF ceramic/polymer com-
posite for capacitor applications [19].

Another way to enhance the properties of BFO, is by mak-
ing binary solution with other perovskites such as  CaTiO3, 
 BaTiO3,  PbTiO3 and  SrTiO3 [20–23] have also been reported. 
Despite all, (1 − x)BiFeO3–xPbTiO3(BF–PT)solid solutions 
show interesting properties such as high tetragonality, 
high Curie temperature and morphotropic phase boundary 
(MPB) [24–26]. BF–PT binary system exhibits morphotropic 
phase boundary at x = 0.3 with a coexistence of rhombohe-
dral (R3c) and tetragonal (P4mm) polymorphs [27]. BF–PT 
ceramic samples have gathered tremendous interest among 
researchers due to enhanced multiferroic character [28]. 
Cotica et al. reported the control over crystalline phase and 
ferroelectric behavior by La substitution in 0.6BF–0.4PT [29]. 
Mohanty et al. have found improved dielectric and ferroe-
lectric properties of  Dy3+ substituted 0.5BF–0.5PT compos-
ites by doping of  Dy3+ ions [30]. Recently, Sahu et al. have 
reported enhanced resistivity and relaxor dielectric behav-
ior above room temperature in  Gd3+ modified 0.8BF–0.2PT 
ceramic samples [31]. The same group also reported the 
enhancement in dielectric behavior with increase in  Sm3+ 
doping in 0.8BF–0.2PT solid solutions [32].

The structural, dielectric, ferroelectric and ferromag-
netic properties of BFO and BF–PT ceramics has been 
clearly affected by rare earth element substitution, as dis-
cussed above. The oxygen anions, which lie very close to 
Bi-site in the unit cell of BFO, are unstable due to volatile 
character of Bi. Therefore,  Nd3+ substitution on Bi-site can 
play extensive role in the improvement of structural, fer-
roelectric, magnetic and electrical properties of multiferro-
ics [33], this motivated us to investigate the effect of  Nd3+ 
substitution in BF–PT multiferroic binary system.

2  Experimental

Polycrystalline ceramic samples of 0.7Bi(1−x)NdxFeO3–0.3P
bTiO3 (x = 0, 0.05, 0.10) were synthesized by conventional 
oxide mixing route. Initially, stoichiometric amounts of ana-
lytical grade high purity oxides  Bi2O3,  Nd2O3,  Fe2O3, PbO and 
 TiO2 (Sigma Aldrich) were mixed together and thoroughly 
grounded for 12 h in the presence of acetone (which acts 
like a mixing media) in a planetary ball mill (P5, Fritch). 
Then powders were calcined at 820 °C for 2 h in air. After 
the process of calcination, the samples were mixed with PVA 
(2 wt%), compressed into small cylindrical discs (2 mm thick 
and 12 mm in diameter) under pressure of 50 MPa using a 
hydraulic press. These pellets were sintered at 900–950 °C 

for 2 h in air. To avoid the volatilization of Bi and Pb, the pow-
der of the same composition as a spacer was surrounded 
all around the pellets and the pellets were covered with an 
alumina cup and sealed with MgO. The pellets of high den-
sity were further being used for characterization.

One of the pellet of each composition (x = 0, 0.05 and 
0.10) was grounded and annealed at 700 °C for 1 h to 
release the stresses produced at the time of sintering. The 
annealed powder was used for phase analysis using Cu Kα 
radiation in X-ray diffractometer (Rigaku, Japan) within a 
scanning angle range 10° ≤ 2θ ≤ 90°. The pellets were pol-
ished up to the thickness of ~ 0.7 mm and both faces of the 
pellets were silver electroded. The ferroelectric hysteresis 
loops (P–E loops) were measured using P–E loop tracer 
(Precision Premier II loop tracer, Radiant). High tempera-
ture dielectric characterization was done using impedance 
analyzer (Novocontrol, Alpha AN). The magnetic properties 
of the compositions were studied using vibrating sample 
magnetometer (LakeShore). The piezoelectric coefficients 
of the samples were recorded using piezo-meter (Berlin-
court Piezotest PM 300).

3  Results and discussion

Crystallinity of 0.7Bi(1−x)NdxFeO3–0.3PbTiO3 (x = 0, 0.05, 
0.10) ceramic compositions was examined using X-ray 
diffraction (XRD) profiles with a scanning rate of 1°/min 
within angle range10° ≤ 2θ ≤ 90°. The crystal structure of 
BFO is rhombohedral with space group R3c [5] and  NdFeO3 
is orthorhombic with space group Pbnm [34], whereas like 
 BaTiO3,  PbTiO3 exhibits tetragonal symmetry with space 
group P4mm [35]. The crystal stability of  ABO3-type per-
ovskites is generally elaborated in terms of Goldschmidt 
tolerance factor ‘t’. The tolerance factor ‘t’ can be expressed 
as an equation given below:

The tolerance factor ‘t’ is found to be 0.8913, 0.8907 
and 0.8903 for x = 0, x = 0.05 and x = 0.10, respectively. 
The structural stability merely decreases upon increasing 
 Nd3+ content in the compositions. To confirm the exact 
crystalline phase of as-synthesized compositions, Rietveld 
refinement method has been employed using FULLPROF 
software [36]. The two phase model (i.e. rhombohedral 
R3c and tetragonal P4mm) approach has been adopted 
for Rietveld refinement measurements. Figure 1 shows 
the refined XRD profiles of all the samples, which also 
indicates that all the compositions exhibit pure perovs-
kite crystallinity with no secondary phases or traces of 

(1)t =

�

0.7(1 − x)RBi3+ + xRNd3+0.3RPb2+ + RO2−

�

√

2
�

0.7RFe3+ + 0.3RTi4+ + RO2−

�
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pyrochlore. The refinement calculations for all the three 
compositions x = 0, 0.05 and 0.10, illustrate the existence 
of morphotropic phase boundary between polymorphs 
of rhombohedral and tetragonal symmetries. The refine-
ment results are in well agreement with the earlier reports 
published on MPB compositions of BF–PT binary system 
[26]. The lattice parameters aR , cR of rhombohedral unit cell 
and aT , cT  of tetragonal unit cell are determined through 
refinement calculations. Figure 2a, b displays the effect of 
 Nd3+substitution in BFO lattice framework, due to which 
unit cell lattice parameters of rhombohedral and tetrago-
nal phase changes. The data obtained from Rietveld refine-
ment studies has been used for bond angles and bond 
lengths calculations. The statistical parameter (R-factors), 
goodness of fit value (χ2), bond angles and bond lengths 
are given in Table 1. The variations in bond lengths and 
bond angles clearly indicate that there exists substantial 
effect of  Nd3+ intrusion at  Bi3+ site.

3.1  Ferroelectric studies

Figure 3 represents polarization versus electric field plots 
for 0.7Bi(1−x)NdxFeO3–0.3PbTiO3 (x = 0, 0.05, 0.10), meas-
ured at a frequency of 50 Hz at room temperature. As 
BFO, shows very weak ferroelectric response because of 
low value of resistivity (ρ ~ 106 Ω cm) [6]. The conductive 
behavior of BFO restricts the application of higher field 
limits the ferroelectric behavior [5].The leakage current 
observed in  NdFeO3–PbTiO3 system is less than that of 
 BiFeO3–PbTiO3 binary system, which is mainly due to lan-
thanide ion  (Nd3+) [37]. The coercive field Ec and remnant 
polarization Pr increases with increasing  Nd3+ content. The 

observed value of remnant polarization for x = 0, 0.05 and 
0.10 is 3.4 µC/cm2, 5.6 µC/cm2 and 6.0 µC/cm2, respectively. 
Kim et al. have also observed the similar ferroelectric phe-
nomenon in rare earth ion (Pr) modified  BiFeO3–PbTiO3 
solid solution [38]. XRD studies confirm the variation in 
lattice parameter with  Nd3+ intrusion in the BFO matrix, 
which also distorts the tetragonal unit cell at MPB region. 
The distortion in tetragonal unit cell leads to the hybridi-
zation in O(2p) and Ti(3d) orbital, which induces the effec-
tive polarization in the crystal. It is reported that domain 
switching will be easy due to 8 polar directions along [111] 
in rhombohedral phase and 6 polarization directions of 
tetragonal structure are along [001], which lead to easy 
crystal orientations [39]. Conventionally, ferroelectric 
distortion in insulating perovskites is stabilized due to 
transfer of electric charge of oxygen anion to neighbor-
ing unoccupied d-orbital of transition metal. Due to partial 
substitution of  Nd3+ ion at  Bi3+ site in the BFO matrix, a  6s2 
lone pair of  Bi3+ hybridize with vacant 2p orbital of oxygen 
anion to produce a local lobe, thereby constructing non-
centrosymmetric distortion in x = 0.05 and x = 0.10 [40] and 
hence induces ferroelectricity in the system.

3.2  Magnetic studies

The plots of magnetization (M) as a function of applied 
magnetic field (H) for x = 0, 0.05 and 0.10 ceramics are 
shown in Fig. 4. It is well known that rhombohedrally dis-
torted BFO crystal exhibits G-type antiferromagnetism and 
 PbTiO3 shows diamagnetic character similar to  BaTiO3 [41]. 
It is clear from the Fig. 4 that magnetic hysteresis is not 
completely antiferromagnetic but it exhibits weak ferro-
magnetic behavior with small remnant magnetization. The 
value of remnant magnetization Mr for x = 0, 0.05 and 0.10 
is found to be 5.3 memu/g, 8.3 memu/g and 15.2 memu/g, 
respectively. The similar phenomenon has also been 
observed by Freitas et al. for 0.6BiFeO3–0.4PbTiO3 compo-
sition, where chemically arranged magnetic clusters attrib-
ute to small remnant magnetization in the ceramic system 
[42].  Nd3+ substitution in  BiFeO3 crystal lattice disturbs the 
spiral magnetic spin wave and hence induces ferromag-
netism in the system, which also correlates with XRD pat-
tern, where (104)R peak intensity variation of rhombohe-
dral unit cell can be clearly seen in Fig. 1. Indeed, it also has 
been illustrated that structural transformation occurs form 
rhombohedral to triclinic crystalline phase, which give rise 
to continuous collapse in spin cycloid [43, 44]. Also  Ti4+ 
ions of  PbTiO3 compound dilutes the  Fe3+cations super-
exchange mechanism i.e.  Fe3+–O–Ti4+–O–Fe3+ occurs 
between two neighboring Fe ions. This long range bond 
order deteriorates  Fe3+–O–Fe3+ bond with a sudden col-
lapse in modulated spin wave and consequently releases 
magnetization in ordered magnetic micro-regions.

Fig. 1  Rietveld refined XRD diffraction patterns of 0.7Bi(1−x)NdxFeO3–
0.3PbTiO3 (x = 0, 0.05, 0.10)
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Fig. 2  a Lattice parameter and 
unit cell volume of rhombohe-
dral R3c phase as a function of 
 Nd3+ wt%. b Lattice parameter, 
unit cell volume, strain ratio 
( CT
aT

 ) of tetragonal P4mm phase 
as a function of  Nd3+ wt%
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3.3  Dielectric studies

Figure 5 illustrates the real part of dielectric constant (ε′) 
and loss tangent (tanδ) as a function of temperature (T) 
measured at 10 kHz for x = 0, 0.05 and 0.10. For ferroelec-
tric to paraelectric phase transition, there exists a peak in 
dielectric graph, which corresponds to structural transition 
temperature or Curie temperature  (Tc). The low value of 
dielectric permittivity at room temperature is mainly 
because of semiconducting nature of BFO. As the value of 
temperature increases, dipole ordering increases as well 
as the dielectric constant.  Nd3+ doping reduces the dielec-
tric loss thereby increasing the resistivity of the sample 
[45]. In addition,  Nd3+ substitution also prevents the 

Bi-volatility and reduces the oxygen anion vacancies [39]. 
As published in earlier reports that rare-earth substitution 
in BF–PT binary system lowers down the value of Curie 
temperature Tc [44]. The high value of transition tempera-
ture in this system is because of strong correlation 
amongst A-site  (Bi3+/Pb2+), B-site  (Ti4+/Fe3+) cations and 
also due to high value of tetragonal strain ( CT

aT

 ).  Nd3+ sub-

stitution thereby reduces the coupling between the cati-
ons and hence reduces the tetragonal strain. A dielectric 
anomaly observed below 300 °C may be attributed due to 
interaction between  Fe3+/Fe2+ ions and oxygen anions 
through redox reaction [46]. The decrease in transition 
temperature by adding  Nd3+ attributes to softening of 
repulsive force of short range against the ferroelectric 
ordering [47]. Similar phenomenon have also been 
observed in Sm doped BFO [48]. Therefore, the value of 
transition temperature decreases with increasing  Nd3+ 
concentration. Curie temperature is found to be 477 °C, 
476 °C and 450 °C for x = 0, 0.05 and 0.10, respectively. 
Similar trend has been observed in rare earth  Dy3+ and 
 La3+ doped BF–PT ceramics, where transition temperature 
decreases with increasing rare earth concentration in the 
BF–PT system [30, 40, 49].

3.4  Piezoelectric studies

The piezoelectric coefficients of x = 0, 0.05 and 0.10 
ceramic compositions were measured using Berlincourt 
peizo-meter. The value of piezoelectric coefficient 

Table 1  Statistical parameter, lattice parameter, bond angles and bond lengths of 0.7Bi(1−x)NdxFeO3–0.3PbTiO3 (x = 0, 0.05, 0.10)

Composition Lattice parameter (Å) Cell volume (Å3) Bond lengths (R3c) Bond angles (R3c)

a b c

x = 0
Rhombohedral
(R-R3c)

5.587736 5.587736 13.84429 374.334 Bi-O3 2.40787 O–Bi–O 92.858
O–Fe–O 116.186

Fe–O3 1.61086 Bi–O–Fe 101.910
Tetragonal
(T-P4mm)

3.819469 3.819469 4.500269 65.6514 R:  RBragg = 5.98;  RF = 4.16
T:  RBragg = 19.2;  RF = 14.0
χ2 = 1.53

x = 0.05
Rhombohedral
(R-R3c)

5.586649 5.586649 13.82055 373.547 Bi–O3 2.45783 O–Bi–O 91.502
O–Fe–O 115.623

Fe–O3 1.60237 Bi–O–Fe 103.134
Tetragonal
(T-P4mm)

3.821537 3.821537 4.488287 65.547 R:  RBragg = 4.63;  RF = 2.92
T:  RBragg = 10.2;  RF = 7.08
χ2 = 1.68

x = 0.10
Rhombohedral
(R-R3c)

5.583030 5.583030 13.79680 372.422 Bi–O3 2.5646 O–Bi–O 92.677
O–Fe–O 115.482

Fe–O3 1.7099 Bi–O–Fe 101.192
Tetragonal
(T-P4mm)

3.823580 3.823580 4.474155 65.4 11 R:  RBragg = 6.37;  RF = 3.61
T:  RBragg = 22.3;  RF = 15.1
χ2 = 1.82

Fig. 3  P–E loops of 0.7Bi(1−x)NdxFeO3–0.3PbTiO3 (x = 0, 0.05, 0.10)
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increases with increasing  Nd3+ concentration in BF–PT. The 
piezoelectric coefficients are 11  pC/N, 18  pC/N and 
34 pC/N for x = 0, 0.05 and 0.10, respectively. It indicates 
that piezoelectric response enhances due to  Nd3+ and also 
due to multiphase coexistence region (i.e. MPB region). 
The piezoelectric results are in agreement with the fact 
that reduction in tetragonal strain CT

aT

 ~ 1.17–1.14, enhances 

the probability of hybridization between d-orbital of tran-
sition metal (Fe/Ti) and p-orbital of oxygen anion in per-
ovskites. Jiang also reported that  Nd3+ substitution in BFO 
enhances the piezoelectric properties [50].

4  Conclusions

Polycrystalline ceramic samples 0.7Bi(1−x)NdxFeO3–0.3
PbTiO3 (x = 0, 0.05, 0.10) were successfully synthesized 
with purely perovskite crystallinity by standard solid 
state reaction method. Room temperature XRD, ferro-
electric and magnetic properties were investigated to 
illustrate the effect of A-site substitution on crystalline 
phase and multiferroic properties for x = 0.10 perovskite 
demonstrating enhanced ferroelectric and canted fer-
romagnetic behavior. A variation in dominant antifer-
romagnetic behavior was observed within the composi-
tion range i.e. x = 0–0.10, where antiferromagnetism to 
weak ferromagnetic transition takes place. It has been 
observed that  Nd3+ substitution enhanced the polar 
ionic displacement and resulted in improved ferroelec-
tric characteristic of the ceramic sample as value of rem-
nant polarization increased from 3.4 to 6.0 µC/cm2 from 
x = 0 to 0.10, respectively. The dielectric measurements 
revealed that transition temperature of the composi-
tion decreases with increasing isovalent  Nd3+ ion con-
centration.  Nd3+ doped multiphase 0.7BiFeO3–0.3PbTiO3 
ceramic composition with improved multiferroic prop-
erties makes the material very promising candidate for 
potential applications.
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Fig. 4  M–H loops of 0.7Bi(1−x)NdxFeO3–0.3PbTiO3 (x = 0, 0.05, 0.10)

Fig. 5  Real part of dielectric constant (ε′) and loss tangent (tanδ) as 
a function temperature for 0.7Bi(1−x)NdxFeO3–0.3PbTiO3 (x = 0, 0.05, 
0.10)
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