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Abstract

Lanthanum La-substituted multiferroic Bi1�xLaxFeO3 ceramics with x = 0.0, 0.05, 0.10, 0.15, 0.20 and 0.25 have been prepared by solution

combustion method. The effect of La substitution for the dispersion studies on dielectric and ferroelectric properties of Bi1�xLaxFeO3 samples have

been studied by performing x-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), density, dc

resistivity and dielectric measurements as well as characterizing the polarization-field hysteresis loop. The results of prepared samples are

compared with those of bismuth ferrite (BiFeO3). In the measuring frequency of 10 KHz to 1 MHz, the dielectric constants and dielectric losses for

samples x = 0.20, 0.25 are almost stable and exhibited lowest dielectric loss close to 0.1. The resistivity of Bi1�xLaxFeO3 samples reaches a

maximum value of 109 ohm-cm, which is about three times higher than that for pure BiFeO3. The results also show that stabilization of crystal

structure and nonuniformity in spin cycloid structure by La substitution enhances the resistivity, dielectric and ferroelectric properties.

Furthermore, the substitution of rare earth La for Bi helps to eliminate the impurity phase in BiFeO3 ceramic.
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1. Introduction

Multiferroic materials possess the properties of ferroelec-

tricity, ferromagnetism and even ferroelastic simultaneously

due to the coupling between ferroelectric and ferromagnetic

orders within one phase. Multiferroic materials have attracted

much attention in recent years [1,2], because of their potential

for new device applications [3–5]. The main multiferroic oxides

studied so far include BiFeO3 (BFO), BiMnO3 and ReMnO3

(Re = Y, Ho–Lu). Among them, BFO has a high Curie

temperature (TC � 830 8C) and a high Neel temperature

(TN � 370 8C), and it shows a rhombohedrally distorted

perovskite crystal structure with space group R3c and G-type

antiferromagnetism at room temperature [6]. The ferroelectric

mechanism in BFO is conditioned by the stereochemically

active 6s2 lone pair of Bi3+ while the weak ferromagnetic

property is caused by residual moment from the canted Fe3+

spin structure [7]. The coupling effect between magnetic and
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electric behaviors occurs through the lattice distortion of BFO

when an electric field or a magnetic field is applied [8], which

offers new routes to the design and application of information

storages, spintronics, sensors, etc. [9,10]. However, in the

processing of BiFeO3, the valence fluctuation of iron ions (i.e.,

from 3+ to 2+) leads to large leakage and impurities in BiFeO3

bulk, which enshrouds intrinsic properties of BiFeO3. Recently,

some sintering methods such as rapid liquid sintering [11] and

spark plasma sintering [12] were used to restrain the

appearance of impurities phases. Furthermore, it has been

also found that, some additives such as, La, Nd, and Tb [13–16]

facilitated the formation of the single phase. Moreover, the

relatively high conductivity in these kinds of materials becomes

an obstacle for the application of higher electric fields,

especially at high temperatures. Srinivas et al. [17] synthesized

rare earth substituted bismuth iron titanate and enhanced the

resistivity and magnetoelectric effect. Therefore, it is expected

that the resistivity of BiFeO3 can be controlled by donor doping

and thus also the dielectric, ferroelectric properties of

multiferroic ceramics. Wang et al. [18] observed an improve-

ment in the dielectric properties of BiFeO3 on substituting La at

the Bi site and Ga at the Fe site, and making its composite with
d.

http://dx.doi.org/10.1016/j.ceramint.2011.06.059
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Fig. 1. X-ray diffraction patterns of Bi1�xLaxFeO3 ceramics powder sample (*

marked Bi2Fe4O9 impurity phase).
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43 mol% of PbTiO3. The room temperature dielectric constant

was found to be 1800 with low loss tangent of 0.024. In this

paper, we report the dispersion studies of La substitution (5–

25 mol% at the Bi site) on dielectric and ferroelectric properties

of BiFeO3 ceramic [i.e., Bi1�xLaxFeO3 (BFOL)].

2. Experimental

Ceramic samples of Bi1�xLaxFeO3, x = 0.0, 0.05, 0.10, 0.15,

0.20 and 0.25 were prepared using a solution combustion

method by mixing appropriate amounts of Fe(NO3)3�9H2O,

Bi(NO3)3�5H2O, La(NO3)3�6H2O and L-alanine were first

dissolved in 2-methoxyethanol for 45 min by means of

ultrasonic cleaner. 5 mol% excess bismuth nitrate was added

to compensate the Bi loss during sintering. A clear solution was

obtained by the constant stirring for 3 h. Solution was then

heated at magnetic stirrer heater at 80 8C with constant stirring

till autocombustion took place. The prepared powder was

grounded and calcined at 400 8C for 2 h, at 600 8C for 1 h and at

855 8C for 30 min. The obtained powders were milled again,

and then pressed into 1 mm-thick pellets of 15 mm in diameter.

The pellets were sintered at 855 8C rapidly for 30 min. For

resistivity, dielectric and ferroelectric measurements, both

surfaces of pellets were polished with silver paste to make

electrodes. X-ray diffraction data for powder sample was

collected using a PANalytical XPERT-PRO diffractometer with

Cu Ka radiation at a step of 0.02 in the range 2u = 208–608.
TEM measurements of powder samples were carried out by

Hitachi H7500 with resolving power 2 Å. The scanning

electron micrographs (SEM) of the pellet samples were taken to

study the grain size and size distributions. The density of pellet

samples were determined using the immersion technique.

Electrical resistivity measurements were carried out using

Keithley electrometer for measuring dc resistivity. Room

temperature ferroelectric measurements were carried out using

loop tracer at frequency of 50 Hz. Dielectric constant and

dielectric loss were performed using a precision impedance

analyzer Wayne Kerr 6500B over the frequency range from

10 KHz to 1 MHz.

3. Results and discussion

Fig. 1 shows the XRD pattern of the Bi1�xLaxFeO3 ceramic

powder samples with x = 0.0, 0.05, 0.10, 0.15, 0.20, and 0.25. It

can be seen that the ceramics show single-phase characteristics.

Though all the diffraction peaks were well identified, few low

intensity peaks were observed at 2u � 278–288 in case of BiFeO3

ceramic [19]. X-ray diffraction pattern indicates the presence of

bismuth ferrite impurity phase Bi2Fe4O9 (* marked) in

Bi1�xLaxFeO3 samples with x = 0.0 (BiFeO3). Because of the

formation kinetics, a mixture of BiFeO3 as a major phase along

with other impurity phases was always obtained during synthesis

[20,21]. There has been no trace of La2O3 in the samples with x

upto 0.25. This indicates that the La3+ ions have been

incorporated in the BiFeO3 structure. The lattice constants of

Bi1�xLaxFeO3 ceramic are: for x = 0.0, a = 3.933 Å, for x = 0.05,

a = 3.932 Å, for x = 0.10, a = 3.929 Å, for x = 0.15, a = 3.922 Å,
for x = 0.20, a = 3.922 Å and for x = 0.25, a = 3.929 Å. The

lattice constants change slightly linearly with the La content,

which can be attributed to the slightly change ionic radius of La3+

(1.032 Å) than that of Bi3+ (1.030 Å) ions. It was reported that

doping rare earth La could eliminate the impurity phase

Bi2Fe4O9 in BiFeO3 [17]. It should be noted that the diffraction

intensity from the impurity in the samplewith x = 0.05, 0.10, 0.20

and 0.25 is weaker than in the undoped one, while no observable

impurity peaks are observed in the XRD pattern of the samples

with x = 0.15. This means that doping with La hinders the

formation of a second phase. One feature that should be noted in

Fig. 1 is that with increasing La composition, the intensity of

some diffraction peaks, e.g. (0 0 6) and (0 1 8), becomes weak

and tends to disappear near x = 0.15. XRD pattern of the

Bi1�xLaxFeO3 ceramic powder samples are well consistent with

Das et al. [19]. The particle size was calculated from XRD peak

broadening using Scherrer formula [22]. The average particles

size for Bi1�xLaxFeO3 ceramics powder is 20.6 nm, 22.4 nm,

22.8 nm, 23.2 nm, 23.6 nm and 24.0 nm for x = 0.0, 0.05, 0.10,

0.15, 0.20, 0.25 samples, respectively.

Fig. 2 shows the TEM micrographs for powder sample with

composition x = 0.05, the morphology of the particles seemed

to be approximately spherical. The values of the particle size as

obtained from TEM images are in good agreement with the one,

calculated from XRD patterns.

Fig. 3 shows the scanning electron micrographs of

Bi0.95La0.05FeO3 ceramic. The average grain size of the pellet

samples is very much similar, and in the range of 1–10 mm. The

density of pellet samples are 7.403 g/cm3, 9.156 g/cm3,

11.412 g/cm3, 8.196 g/cm3, 6.353 g/cm3, 6.025 g/cm3, respec-

tively (x = 0.0, 0.05, 0.10, 0.15, 0.20, 0.25), with porosity of

nearly 99.9%. However, it can be noticed that with a small

lanthanum concentration (5–10 mol%), the density of sample

(i.e., less voids) increases. The microstructures and absence of

secondary phases on La substitution in BFO are some of the

main reasons for enhanced resistivity and dielectric properties

of BFOL. Smaller grain size results in larger number of grain



Fig. 2. TEM micrographs of Bi0.95La0.05FeO3 ceramic powder sample sintered

at 855 8C.
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Fig. 4. Resistivity of Bi1�xLaxFeO3 ceramics sample with La content, x at room

temperature.
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boundaries, which act as scattering centre for the flow of

electrons and therefore increasing the resistivity which is shown

in Fig. 4 at room temperature.

Fig. 5 shows the dielectric constant of Bi1�xLaxFeO3

samples at room temperature as a function of frequency. The

dielectric constant at low frequency level increases for content

x = 0.05, 0.10, 0.15 and with the increase of frequency it

decreases as compared with pure BiFeO3, which is consistent

with a combined response of orientational relaxation of dipoles
Fig. 3. SEM micrographs of Bi0.95La0.05FeO3 ceramic pellet sample sintered at

855 8C.
and the conduction of charge carriers [23]. For x = 0.20 and

0.25, the dielectric constant is almost constant in the low and

high frequency region. The variation of dielectric constant

reveals the dispersion due to Maxwell [24] interfacial

polarization and is in agreement with Koops phenomenological

theory [25]. The initial slow decrease in the dielectric constant

as predicted by Koops model has not been observed in the

present study. This is because the lowest frequency employed in

the present investigations is too high to observe the initial slow

variation of dielectric constant with frequency. The physical

reason for the dispersion of dielectric constant can be

understood on the basis of hopping of electrons between

Fe2+! Fe3+ pairs of ions. The applied electric field displaces

the electrons slightly from their equilibrium positions, thus

producing polarization. The dielectric constant value of the

Bi1�xLaxFeO3 ceramics was higher than those of the reported

pure BiFeO3 ceramics [26,27].

Fig. 6 shows the dielectric loss of Bi1�xLaxFeO3 samples at

room temperature as a function of frequency. Similar to the

dielectric constant, the dielectric loss also decreases smoothly
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Fig. 5. Dielectric constant of Bi1�xLaxFeO3 samples at room temperature as a

function of frequency with different La content, x.
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with increasing frequency, which is consistent with the results

reported in Ref. [28]. However, the dip in the dielectric loss

reported in Ref. [28] is not present here. The La doped samples

with x = 0.20 and 0.25 have less dielectric loss than that of pure

BFO. Furthermore, it was also observed that both dielectric

constant and dielectric loss for x = 0.20 and 0.25 samples are

rather stable over the entire frequency range investigated,

particularly in the frequency range between 10 KHz and 1 MHz.

To further investigate the effect of La substitution on the

dielectric property of these samples, the dielectric constant and

dielectric loss at selected frequencies have been plotted as a

function of La concentration, x (Figs. 7 and 8). No systematic

increase in dielectric constant with increase in the concentra-

tion of La is observed. It is striking to see that the dielectric

constant increases dramatically with small amount of La

substitution (Fig. 7), the dielectric constant measured at

100 KHz reaches a maximum value of 700 when x = 0.05,

seven times as big as that for pure BiFeO3. Further increasing in
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Fig. 7. Dielectric constant of Bi1�xLaxFeO3 ceramic samples measured at

selected frequency.
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the La content (x = 0.10), reduces the value of the dielectric

constant back to the level for pure BiFeO3. Another maximum

of dielectric constant appears at x = 0.15 and more La doping

(x = 0.20, x = 0.25) leads to another drop in dielectric constant

(Fig. 7). This dielectric behavior of Bi1�xLaxFeO3 ceramics

might be understood in terms of oxygen vacancy and the

displacement of Fe3+ ions. There are always some oxygen

vacancies in pure BiFeO3, which results in relatively high

conductivity and small dielectric constant [29]. Substitution of

small amount (x = 0.0–0.05) of more stable La3+ for Bi3+ would
-40 -30 -20 -10 0 10 20 30 40
-0.01 5

-0.01 0

-0.00 5

0.00 0

0.00 5

0.01 0

0.01 5

0.02 0

P
o

la
ri

za
tio

n
 (

μC
/c

m
2
)

Elect ric f ield ( kV/cm)

x = 0 .0

-20 -15 -10 -5 0 5 10 15 20
-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

P
o

la
ri

za
tio

n
 (

μC
/c

m
2
)

Electric f ield ( kV/cm)

x =  0.10

-40 -20 0 20 40

-0.02

-0.01

0.00

0.01

0.02

P
ol

ar
iz

at
io

n 
( μ

C
/c

m
2 )

Electric f ield ( kV/cm)

x =  0.20

Fig. 11. Ferroelectric (P–E) loops for Bi1�xLaxF
stabilize the perovskite structure of BiFeO3 and hence reduce

the number of oxygen vacancies and subsequently increases the

dielectric constant. Further increase in La content (x = 0.05–

0.10) would result in a unit cell volume contraction, because

ionic radius of La3+ is slightly changed than that of Bi3+. The

free volume available for the displacement of Fe3+ ions in the

Fe–O oxygen octahedral becomes smaller and this would lead

to a decrease in dielectric polarization. As La content x is

greater than 0.10 but less than 0.15, the mismatch between

BiFeO3 and LaFeO3 lattice constant prevents the grains from
-40 -30 -20 -10 0 10 20 30 40

-0.01 0

-0.00 5

0.00 0

0.00 5

0.01 0

0.01 5

P
o

la
ri

za
tio

n
 (

μC
/c

m
2
)

Elect ric f ield ( kV/cm)

x = 0 .05

-30 -20 -10 0 10 20 30

-0.01 5

-0.01 0

-0.00 5

0.00 0

0.00 5

0.01 0

0.01 5

P
o

la
ri

za
tio

n
 (

μC
/c

m
2
)

Elect ric f ield ( kV/cm)

x =  0.15

-20 -15 -10 -5 0 5 10 15 20

-0.01 5

-0.01 0

-0.00 5

0.00 0

0.00 5

0.01 0

0.01 5

0.02 0

P
o

la
ri

za
tio

n
 (

μC
/c

m
2
)

Elect ric field ( kV/cm)

x = 0 .25

eO3 ceramics sample at room temperature.



K. Sen et al. / Ceramics International 38 (2012) 243–249248
growing big, which introduces more grain boundaries. As a

result, the dielectric constant would increase again (see the

peak at x = 0.15 in Fig. 7). A saturation level of La content for

forming a solid solution is gradually approached when x is

increased from 0.15 to 0.25. At this stage, the sample might be a

composite of La2O3 and ferroelectric BiFeO3, with a smaller

dielectric constant (x = 0.20, 0.25 in Fig. 7). Another feature of

Bi1�xLaxFeO3 ceramics observed in Fig. 7 is that the frequency

dependence of the dielectric constant of samples with La

content x = 0.05 and 0.15 is remarkably enhanced and the

dielectric constant of samples with x = 0.10, 0.20 and 0.25 is

almost independent of frequency. This observation may have

important ramifications for the practical application of this

material. The effect of La substitution on the dielectric loss

angle is shown in Fig. 8. The dielectric loss in Bi1�xLaxFeO3

ceramics increases dramatically with a small amount of La

substitution (x = 0.0–0.10) and reaches a maxima at x = 0.10.

Further increasing in the La content (x = 0.15–0.25), reduces

the value of the dielectric loss back to the level for pure BiFeO3

and minimum dielectric loss is reached when x = 0.20 and 0.25.

Figs. 9 and 10 show the temperature dependence of the

dielectric constant and dielectric loss for the samples x = 0.0,

0.05, 0.10, 0.15, 0.20 and 0.25 at 1 MHz. The values of

dielectric constant and dielectric loss increase slowly with a rise

in temperature. However, a sharp increase in dielectric constant

and dielectric loss started from 350 8C to 400 8C. But in the said

temperature range, we could not find any dielectric anomaly or

phase transition for any composition of Bi1�xLaxFeO3

ceramics.

Fig. 11 shows the ferroelectric hysteresis loops for all

samples at room temperature. Due to the relatively large

leakage current in the samples, only low field electric hysteresis

loops were obtained. The samples are highly conductive at

room temperature and only partial reversal of the polarization

takes place, quite similar to that observed by Pradhan et al. [26].

The relatively high conductivity of BiFeO3 is known to be

attributed to the variable oxidation states of Fe ions (Fe2+ to

Fe3+), which require oxygen vacancies for charge compensa-

tion. Also during synthesis, the slow heating rate and long

sintering time will enable the equilibrium concentration of the

oxygen vacancies at high temperature to be reached and will

result in the high oxygen vacancy concentration in the

synthesized product. So the presence of Fe2+ ions and oxygen

deficiency leads to high conductivity. No saturated polarization

hysteresis loop has been observed for all samples at room

temperature under the applied field due to high conductivity of

the samples. It is striking that only a La substitution can

dramatically change the electric polarization behavior,

although the remnant polarization is still far less than the

expected value of bulk BiFeO3 samples (95 mC/cm2) predicted

by theory [30].

4. Conclusions

In summary, La-substituted multiferroic BiFeO3 ceramic

[Bi1�xLaxFeO3 (x = 0.0, 0.05, 0.10, 0.15, 0.20, 0.25)] were

synthesized using solution combustion method. La substitution
at Bi site eliminated the small impurity phase of BiFeO3 and

stabilized the crystal structure. Both dielectric constant and

dielectric loss for samples x = 0.20, 0.25 are almost constant

and exhibited lowest dielectric loss close to 0.1 (10 KHz to

1 MHz) and the resistivity of Bi1�xLaxFeO3 samples reaches a

maximum value of 109 ohm-cm, which is about three times

higher than that for pure BiFeO3. Due to the relatively large

leakage current in the samples, only low field electric

hysteresis loops were obtained. It is inferred that La doped

BiFeO3, or more complicated doped BiFeO3 based on La

doping, will have great potential for practical application in

electronic devices and various sensors due to the capability of

generating a magnetization/electric  polarization by an electric/

magnetic field.
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