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The 0.6(Bi1−xLax)FeO3–0.4SrTiO3 (x = 0, 0.1) multiferroic ceramics are prepared by a modified Pechini method

to study the effect of substitution of SrTiO3 and La in BiFeO3. The X-ray diffraction patterns confirm the single

phase characteristics of all the compositions each with a rhombohedral structure. The magnetic properties of the

ceramics are significantly improved by a solid solution with SrTiO3 and substitution of La. The values of the dielectric

constant εr and loss tangent tan δ of all the samples decrease with increasing frequency and become constant at room

temperature. The La-doped 0.6BiFeO3–0.4SrTiO3 ceramics exhibit improved dielectric and ferroelectric properties,

with higher dielectric constant enhanced remnant polarization (Pr) and lower leakage current at room temperature.

Compared with a anti-ferromagnetic BiFeO3 compound, the 0.6(Bi0.9La0.1)FeO3–0.4SrTiO3 sample shows the optimal

ferromagnetism with remnant magnetization Mr ∼ 0.135 emµ/g and ferroelectricity with Pr ∼ 5.94 µC/cm2 at room

temperature.
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1. Introduction

Multiferroic materials, which combine the prop-

erties of ferromagnetism (FM), ferroelectricity (FE),

or ferroelasticity, have attracted more and more

attention.[1] These materials demonstrate a number

of attractive physical phenomena that arise from the

strong coupling between the magnetic and FE order

parameters.[2−5] There are several kinds of materi-

als exhibiting multiferroic behaviours. The perovskite

BiFeO3 and BiMnO3 are the most frequently investi-

gated, offering ferroelectric order and spin order above

room temperature. However, FE and FM are usually

mutually exclusive phenomena, since FE and FM are

mutually exclusive due to the d0 electronic structure

of B-site elements. As a result, single-phase multifer-

roic materials rarely exist.[6]

BiFeO3(BFO) exhibits antiferromagnetic (AFM)

ordering with high Néel temperature (TN = 640 K)

and FE behavior (TCE = 1103 K) with spatially mod-

ulated spin structure. The FE in BFO is believed to

be caused by the 6s2 lone pair electrons of Bi3+, while

the magnetism is thought to originate from the par-

tially filled d-orbital of Fe. However, as for BFO bulk

ceramics, research work is still being greatly hindered

by the easy formation of second phases during syn-

thesis and the low resistivity of the sample. To realize

the multiferroic functionality based on BFO, it is de-

sirable to use various preparation methods to improve

the magnetic and dielectric properties.

This problem could be solved by applying a high

magnetic field, doping with chemical substitutions

or using a solid solution with ferroelectrics. Several

groups have reported on BFO solid solution systems

prepared using BaTiO3, PbTiO3, PbFe0.5Nb0.5O3,

DyFeO3, etc.
[7−12] Moreover, it was found that some

rare earth ions substituted at the Bi site in bulk

BFO can reduce the leakage current and Curie

temperature, improving the dielectric and magnetic

properties.[13−15] Although solid solutions with fer-

roelectrics and substitution make the formation of

single-phase BiFeO3 more stable, the magnetic prop-

erties at room temperature are still weak and conduc-

tivity is not reduced significantly.

In this paper, we report on the results of our stud-

ies on 0.6(Bi1−xLax)FeO3–0.4SrTiO3 (x = 0, 0.1) (de-

noted as BFST for x = 0, and BLFST for x = 0.1)

solid solutions. The structural, ferroelectric, dielec-
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tric, and magnetic properties of BFST-x are pre-

sented. This material simultaneously exhibits FM and

FE at room temperature.

2. Experimental procedure

A solid solution with stoichiometric composi-

tions 0.6(Bi1−xLax)FeO3–0.4SrTiO3 (x = 0, 0.1)

(denoted as BFST and BLFST) were synthe-

sized using the modified Pechini method. First,

raw materials of 99.9% purity Bi(NO3)3·5H2O,

Sr(NO3)2·4H2O, Fe(NO3)3·9H2O, lanthanum nitrate

hexahydrate La(NO3) ·6H2O, butyl titanate and citric

acid were dissolved in distilled water, with 5% excess

bismuth nitrate to compensate bismuth loss during

the sintering process. The solutions were adjusted to

a pH value of 7–8 by adding ammonia, and the mix-

tures were dried at 150 ◦C to form gels. After that,

the obtained gels were burned and then the precur-

sory powders were calcined at 500 ◦C for 5 h. Finally,

the powders were ground in an agate bowl for about

2 h, pressed into disks. The disks were sintered at

900 ◦C for 2 h, and then subsequently quenched to

room temperature to minimize the bismuth evapora-

tion. To measure the electrical properties, electrodes

with a silver paste were applied to both surfaces.

The crystal structure of the samples was inves-

tigated by X-ray diffraction (XRD). Magnetic mea-

surements were carried out using a commercial physi-

cal property measurement system (Quantum Design).

Polarization versus the electric field (P–E) loop at

room temperature was measured using a commercial

FE test system (Premier II, Radiant Technologies).

The dielectric properties of the ceramics were obtained

with a precision impedance analyzer (6500B, WK,

UK), with an ac voltage of 500 mA.

3. Results and discussion

XRD patterns reveal that all the samples show

the coexistence of a perovskite morphotropic phase

without any observable impurity phases (e.g., Fe2O3,

Bi2O3, Bi2Fe4O9, etc.). As can be seen in Fig. 1, there

are several twin peaks in the XRD pattern of BFO viz

[104] and [110], [006] and [202], [116] and [112], [018]

and [214], and finally the twin peaks merge together

to form a single peak in BFST and BLFST samples.

It can be concluded that the BFST samples are of the

pseudocubic phase, as we previously reported,[16] and

the doping of La does not affect the lattice symmetry.

With a solid solution with SrTiO3 and substitution

of La, all the peak positions undergo a shift toward a

higher angle. This reveals a continual reduction in the

lattice constant and also indicates that the unit cell is

contracted with the substitution of Ti4+ ion (0.605 Å,

1 Å=0.1 nm), which has a smaller radius than Fe3+

ion (0.64 Å).
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Fig. 1. The XRD patterns of 0.6(Bi1−xLax)FeO3–

0.4SrTiO3 (x = 0, 0.1) solid solutions compared with pure

BFO ceramics.

The magnetization hysteresis (M–H) loops at

300 K and 10 K for all the samples are shown in Fig. 2.

The pure BFO sample exhibits a linear magnetization

dependence of the magnetic field, which is consistent

with the early reported results.[17] A slim magnetic

loop with nonzero Mr for the BFST sample is ob-

served, reflecting the presence of a weak FM at room

temperature. Additionally, La doping induces a sig-

nificant increase in magnetization. The values of the

coercive field (HC) are 0.99 kOe (1 Oe=79.5775 A/m)

and 2.99 kOe for BFST and BLFST at room tempera-

ture, and 1.8 kOe and 3.2 kOe for BFST and BLFST

at 10 K, respectively. The corresponding values of

Mr are 0.091 emµ/g and 0.135 emµ/g for BFST and

BLFST at room temperature, suggesting the ferro-

magnetic interactions increasing with the increase of

La doping.

The BFO is known to be an AFM with a G-type

magnetic structure. Since the spin order in a BFO

ceramic is spatially modulated, it has no macroscopic

magnetization at room temperature. If the spatially

modulated spin order is suppressed by chemical sub-

stitutions, the latent magnetization will be released.

The MH loops of BFST and BLFST samples evi-

dently show that the AFM nature in BFO evolves into

a weak FM. A transition from the spinoidal struc-

ture of pure BFO to the homogeneous FM state in

BFO-based compounds induced by doping with non-

magnetic ions was reported in Refs. [18] and [19] and

it was explained by changes in the bond angle of Fe–

O–Fe caused by the distortion, besides the changes of

the statistical distribution of Fe3+/Fe2+ as result of

the charge compensation.
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Fig. 2. (colour online) Magnetization hysteresis loops of 0.6(Bi1−xLax)FeO3–0.4SrTiO3 (x = 0, 0.1) solid

solutions at 300 K and 10 K, 1 Oe=79.5775 A/m.

Figure 3 shows the P–E loops of the BFO, BFST,

and BLFST ceramics. BFO bulk ceramics usually

exhibit strong conductive features. As shown in

Fig. 3(a), the P–E loop of BFO bulk ceramics exhibits

a rounded corner with an applied field of 20 kV/cm,

and will break down as the field further increases. The

low resistivity of the BFO maybe originates mainly

from charge defects such as bismuth vacancies and

oxygen vacancies (VO2+) which comes mainly from Bi

volatility and the transition from Fe3+ to Fe2+. Com-

pared with the ferroelectric properties of the BFO, our

samples are significantly improved by a solid solution

with SrTiO3 and substitution of La, with large Pr ob-

served, owing to the different breakdown fields. The

maximum polarization (Pm) and the Pr increase from

Pm = 0.42 µC/cm2 and Pr = 0.34 µC/cm2 for x = 0

to Pm = 14.71 µC/cm2 and Pr = 8.98 µC/cm2 for

BFST, Pm = 12.72 µC/cm2 and Pr = 5.94 µC/cm2

for BFLST respectively. Although the Pr value de-

creases with the further additional increase of 10%

La, the BLSFT samples do not break down with the

maximum electric field of 150 kV/cm, indicating that

the electric resistance is greatly improved by means of

alio-valent ionic substitution of La. The P–E hys-

teresis curve of BFST appears very leaky, and the

ferroelectricity of the BLFST sample is evident from

the typical ferroelectric hysteresis loop without a no-

table conductivity effect. The enhancement of ferro-

electricity on La-doping should be attributed to the

decreasing of the oxygen vacancy concentration and

the weakening of the defect mobility which contributes

to domain pinning.[20] This result demonstrates that

the leakage currents are greatly reduced due to the

addition of La ions.

In addition, the dielectric properties of all sam-

ples are investigated. Figure 4 exhibits the variations

of relative εr and tan δ of BFST and BLFST ceram-

ics with frequency. It is observed that the dielectric

constants of BFST and BLFST samples are much in-

creased from 75 for pure BFO (not shown here) to 146

for BFST and 346 for BLFST at 1 kHz. The dielectric

constant εr of BFST shows frequency-independence in

the whole frequency range. However for the BLFST

sample, the value of the dielectric constant is high at a

low frequency and decreases with frequency increasing

from 100 Hz to 100 kHz and then becomes constant

at high frequency. This is a normal behaviour of fer-

roelectrics or dielectrics that may be understood in

terms of space charge relaxation.[21,22] As the space

charges are able to fellow the frequency of the applied

field at a low frequency while at a high frequency they

may not have time to build up and undergo relaxation.

These improvements of dielectric properties in BLFST

ceramics can be ascribed to the substitution of La for

Bi, which reduces the oxygen vacancies in the ceram-

ics, resulting in a decrease of the contribution of space
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charge polarization.[23]
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Fig. 3. Polarization hysteresis loops of 0.6(Bi1−xLax)FeO3–

0.4SrTiO3 (x = 0, 0.1) solid solutions at room temperature.
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Fig. 4. Frequency dependences of relative dielectric con-

stant εr and loss tangent tan δ for the 0.6(Bi1−xLax)FeO3–

0.4SrTiO3 (x = 0, 0.1) solid solutions at room temperature.

4. Conclusion

In the present study, the 0.6BiFeO3–0.4SrTiO3

and 0.6(Bi0.9La0.1)FeO3–0.4SrTiO3 solid solution ce-

ramics are synthesized by a modified Pechini method.

And in this paper, the X-ray, dielectric and mag-

netic properties of all samples are presented. Both

FM and FE properties at room temperature are much

improved by a solid solution with SrTiO3 and sub-

stitution of La. The La-doped 0.6BiFeO3–0.4SrTiO3

ceramic exhibits improved dielectric and FE proper-

ties, with a higher dielectric constant enhanced Pr and

lower leakage current at room temperature. The im-

proved multiferroic properties are considered to result

from the reduced leakage current and the collapse of

the AFM spin structure in the sample.
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