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A B S T R A C T

Cylindrical-shaped multiferroic Bi1�xLaxFeO3 (x = 0.0, 0.05, 0.1 and 0.15) were synthesized successfully

by hydrothermal method. All samples were found to be rhombohedrally distorted perovskite structure.

Diameter of the cylindrical particles reduces from �450 nm for x = 0.0 to �100 nm for x = 0.1 prepared

under the same conditions. The Neél temperature as well as the dielectric constant was also found to

increase with the increase in lanthanum content. Lanthanum doping also enhanced the magnetic

properties. Magnetization measurements above room temperature show a significant increase in

magnetization at around 400 8C. Enhanced magnetic properties due to lanthanum doping are caused by

the breakage of spin cycloid as observed by electron spin resonance study.
1. Introduction

Bismuth ferrite, BiFeO3 (BFO) is among the very few single
phase multiferroic materials. However it has some serious
disadvantages, such as high leakage current and poor magnetic
properties which limit its possible uses in many technological
applications [1–3]. Nevertheless there are many ways to get rid of
these disadvantages. One of them is to dope rare-earth, transition
metal or alkaline earth metal in the tetrahedral or octahedral sites
of BFO to diminish the leakage current by reducing the oxygen
vacancies or improving the magnetic properties by breaking the
long-range cycloidal spin arrangement responsible for canceling
the magnetization in the rhombohedrally distorted perovskite
structure [4]. Synthesis and characterization of nanostructures of
lanthanum doped bismuth ferrite have rarely been done and
change in the ferromagnetic and dielectric properties with change
in nanostructure have also been rarely investigated. Preparing
nanostructured materials may also result in the breaking of the
spin cycloid thereby enhancing the magnetization. In the present
work, nanostructured Bi1�xLaxFeO3 (x = 0.0, 0.05, 0.1 and 0.15)
were prepared by hydrothermal method. It is a low-cost synthesis
technique where we can get highly crystalline nanoparticles at
very low temperatures below 250 8C. Moreover the ability to
precipitate the powders directly from solution regulates the rate
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and uniformity of nucleation, growth and aging, which affords size,
morphology and aggregation control that is not possible with
many synthesis processes.

Utilizing this method we have synthesized cylindrical-shaped
La-doped bismuth ferrite samples. Substitution by non-volatile
rare earth ions controls the volatile nature of Bi and suppresses the
generation of oxygen vacancies for charge compensation. La with
larger atomic radius (1.95 Å) compared to Bi (1.60 Å) can also
enhance the magnetization by breaking the spin cycloid in BFO.
Therefore it will be of great interest to prepare and study
nanostructured lanthanum doped bismuth ferrite (BLFO).

2. Experimental

The chemical reagents used in the work were bismuth nitrate
[Bi(NO3)2�5H2O], iron nitrate [Fe(NO3)2�9H2O], lanthanum nitrate
[La(NO3)3�4H2O], sodium hydroxide [NaOH]. All the chemicals
were analytical grade purity (99.99%) obtained from Sigma Aldrich.
Ethanol (EtOH) was obtained from Tedia having purity 99.5%. All
the chemicals were used as received without further purification.

To prepare pure bismuth ferrite, equimolar mixture of nitrate
salts of bismuth and iron were dissolved in 40 ml of distilled water.
A 5 M 10 ml solution of NaOH was added drop by drop to the
mixture and stirred for 20 min. The mixture was transferred into a
Teflon-lined steel autoclave. The autoclave was sealed and then
heated at 240 8C for 12 h. It was then cooled naturally to room
temperature. The product thus obtained was washed successively
in double distilled water and ethanol (EtOH) and dried at 60 8C for
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8 h [5]. In case of lanthanum doping, La(NO3)�4H2O was taken as
the source of La. X-ray diffraction was performed using a X-ray
diffractometer (PAnalytical) with high intensity Cu Ka radiation.
The morphology of the various shaped particles was studied with
the help of a Field Emission Scanning Electron Microscope (FEI
make). The magnetization M as a function of applied field H was
measured using a Vibrating Sample Magnetometer (Lake Shore
Cryotronics). The dielectric constant versus frequency measure-
ments were performed with the help of Precision Impedance
Analyser (Agilent, 4294A). The powder was pressed into discs of
10 mm diameter and 1 mm thickness at a pressure of 60 MPa in a
hydraulic press with polyvinyl alcohol as a binder. The pellets were
sintered at a high temperature of 850 8C for 3 h. For the
measurements of electrical properties, the ceramic discs were
carefully polished and subsequently pasted with Ag paste on both
sides as electrodes. The electron spin resonance studies of all the
samples were carried out at 300 K using an X-band spectrometer of
JEOL-make operating at 9440.9 MHz.

3. Results and discussion

Fig. 1 shows the XRD pattern of the Bi1�xLaxFeO3 crystallites
with x = 0.0, 0.05, 0.1 and 0.15. All the observed peaks of the x = 0.0
sample confirmed the formation of BiFeO3 which has a rhombo-
hedrally distorted perovskite structure belonging to R3c space
group. No impurity phase was found in the undoped BFO. Some
low intensity peaks of Bi2Fe4O9 and Bi2O3 are obtained as the
doping concentration was increased. The diffraction peaks have a
shift of 0.058 with La doping from that of pure BFO indicating the
lattice change caused by the lanthanum substitution. This might
result from the difference in atomic radii of the Bi3+(1.60 Å) and
La3+(1.95 Å) ions. However the crystalline structure does not
change and remains rhombohedral in all the cases. In solid state
synthesis, the crystalline structure usually changes from rhombo-
hedral to orthorhombic after doping [6]. But in our hydrothermal
synthesis no such change in the crystalline structure is observed.
The reason behind this might be the different ambient conditions
created in two different synthesis methods. XRD of the sintered
pellets were found to be the same as those of the powders.

Fig. 2 shows the field emission scanning electron micrographs
(FESEM) of the (a) undoped BFO and (b) doped BLFO (x = 0.1)
sample. BFO (Fig. 2(a)) consists of cylindrical shaped particles with
an average length �400 nm and diameter �450 nm. The diameter
of the particles gradually reduces on doping lanthanum. For the
sample with x = 0.1 [Fig. 2(b)] the average length and diameter of
the rod-shaped particles are �600 nm and �100 nm, respectively.
Fig. 1. X ray diffraction of samples x = 0.0, x = 0.05, x = 0.1 and x = 0.15.

Fig. 2. (a) Field emission scanning electron micrographs of samples x = 0.0. (b) Field

emission scanning electron micrographs of samples x = 0.1. (c) Small area electron

diffraction image of Bi0.9La0.1FeO3.
Selected area electron diffraction (SAED) pattern of the x = 0.1
sample taken in a direction perpendicular to the length is shown in
Fig. 2(c). It indicates the particles to be single crystal. The same
kind of electron diffraction pattern is obtained throughout the



Fig. 3. Differential thermal analysis of sample x = 0.0 and x = 0.1.
length of the sample confirming the single crystalline and oriented
nature of the nanorods. The estimation of d value from the
micrograph indicates that the nanorods grow along the (1 1 0) plane.

The formation mechanism of rod-like BLFO could be understood
based on a ‘‘dissolution and crystallization’’ mechanism of
hydrothermal process, in which Bi3+, La3+ and Fe3+ hydroxides
dissolved in alkali solution at a high temperature and pressure. The
formation of BLFO crystallites took place through nucleation,
precipitation, dehydration and growth between the ions and ion
groups on the interfaces of the nuclei. An anisotropy of grain
growth could be favored, making grain grow along a preferential
orientation [7], such as along (1 1 0) plane in our case. La entered
into the BFO lattice offering additional energy for a certain crystal
plane to grow fast. As a result, the morphology of BLFO crystallites
became rod like.
Fig. 4. Dielectric constant vs frequency plot of samples x = 0.0, x = 0.05, x
Fig. 3 shows the differential thermal analysis (DTA) of samples
x = 0.0 and x = 0.1. It shows that the Neel Temperature (TN) of the
x = 0.0 sample is 328 8C and that of the x = 0.1 sample is 367 8C. TN

increases with La-doping. Neel temperature of lanthanum ferrite
(LaFeO3) is 465 8C which is a G type antiferromagnetic material [9].
Hence with La-doping the TN increases towards the Neel
temperature of lanthanum ferrite. Another transition is also
observed at the vicinity of 500 8C for both the samples which is
corroborated from peaks in similar position in Fig. 6.

We sintered the pellets at 850 8C for 3 h which increased grain
size and reduced the grain boundaries. We measured the density of
the pellet after sintering. It came out to be higher than 95% of the
theoretical density of BiFeO3. This proves that the pellets were
extremely dense with much less air cavity (pores). SEM micro-
graphs of the pellets also support the above conclusions. Therefore,
the dielectric contribution from grain boundaries and air cavities
can be considered as negligibly small. Some contribution from the
grain boundaries, i.e., space charge should be present which can
never be overcome.

Frequency dependence of the dielectric constant of
Bi1�xLaxFeO3 (x = 0.0, 0.05, 0.1 and 0.15) at temperatures 30 8C,
100 8C, 200 8C, 300 8C, respectively are shown in Fig. 4. Dielectric
constant followed Debye law of frequency dispersion (Fig. 4), i.e., it
remained fairly constant at high frequencies and increased at low
frequency [10]. The increase in dielectric constant with decrease in
frequency (below 1 kHz) can be explained by the phenomenon of
space charge (mostly residing in grain boundaries) relaxation.
These space charge forms defect dipoles which can only follow the
applied field at lower frequencies. At high frequencies, they may
not have the time to build up and undergo relaxation. For a
particular composition, the dielectric constant increases with
temperature. With the increase in temperature dipole–dipole
interaction reduces resulting more dipoles aligning towards the
applied field. Hence this increase in polarization as well as the
dielectric constant took place. The incorporation of La3+ (atomic
radii. 1.95 Å in comparison to 1.60 Å of Bi) in BFO might cause a
 = 0.1 and x = 0.15 at temperatures 30 8C, 100 8C, 200 8C and 300 8C.



Fig. 7. (a) High temperature hysteresis loops of sample x = 0.0 at temperatures

100 8C, 400 8C, 500 8C and 560 8C. (b) High temperature hysteresis loops of sample

x = 0.1 at temperatures 100 8C, 400 8C, 500 8C and 560 8C.

Fig. 5. Room temperature hysteresis loops of samples x = 0.0, x = 0.05, x = 0.1 and

x = 0.15.
large off-centre movement of Fe3+ ions in the octahedra giving rise
to spontaneous electric polarization.

Fig. 5 shows the room temperature Magnetic hysteresis loops of
BLFO samples with x = 0.0, 0.05, 0.1 and 0.15. The M–H curve of the
x = 0.0 sample is almost a straight line passing through the origin
[8]. Sigmoid shaped hysteresis loop appears on doping lanthanum
and hysteresis effect increases on increasing the lanthanum
content. Magnetic moment at the maximum field (�1.6 T)
increases from 0.049 emu/g for x = 0.0–0.194 emu/g for x = 0.15.
Coercivity increases from 79 Oe for x = 0.0 to 291 Oe for x = 0.15.
Doping leads to the release of the potential magnetization locked
in the spin cycloid of the undoped bismuth ferrite (x = 0.0) [11].
This results in enhancement of the magnetization. Since the
materials (such as Bi2O3, Bi2Fe4O9) corresponding to low intensity
Fig. 6. (a) High temperature magnetization vs temperature of samples x = 0.0 and

x = 0.1 at an applied field of 6000 Oe.
peaks obtained in the XRD of La-doped BFO do not have any
magnetic order, we can conclude that the enhancement of
magnetization is due to the increase in lanthanum concentration.

The magnetization versus temperature plot of x = 0.0 and x = 0.1
samples in presence of an applied field of 6000 Oe is shown in
Fig. 6. It shows that the magnetization remains constant up till a
temperature, TN1 �400 8C. The magnetization then starts increas-
ing with temperature and a peak is observed at �550 8C beyond
which the magnetization starts decreasing. Spin canting due to
lattice distortion or increase in thermal energy [12] might be the
reason for enhancement in magnetization. We have further
measured the hysteresis loops of the samples at temperatures
100 8C, 400 8C, 500 8C and 560 8C to vindicate the fact and they are
shown in Fig. 7 (a) x = 0.0 and (b) x = 0.1. As the temperature is
Fig. 8. Electron spin resonance spectra (ESR) of samples x = 0.0, x = 0.05, x = 0.1 and

x = 0.15 at 300 K.



Table 1
g-Values of Bi(1�x)LaxFeO3 (x = 0.0–0.15) obtained from the ESR spectra at 300 K.

Sample g-Value from Rcyc g-Value from Rdef

BiFeO3 2.1668 –

Bi0.95La0.05FeO3 2.462 2.0907

Bi0.9La0.1FeO3 2.521 2.0271

Bi0.85La0.15FeO3 2.7284 2.1145
increased above room temperature the sample becomes ferro-
magnetic and the best magnetic property is observed around the
peak. Beyond 550 8C the sample again becomes paramagnetic.

The electron spin resonance (ESR) spectra at 9440.9 MHz of
Bi1�xLaxFeO3 with x = 0, 0.05, 0.1 and 0.15 are shown in Fig. 8. The
g-value was obtained from the formulae hn = gmBH where h was
Planck’s constant, n the operating frequency and mB, the Bohr
Magneton. Fig. 8(a), corresponding to x = 0.0, shows only a single
absorption spectrum with g = 2.16 due to the resonance absorption
in the cycloidal spin structure, marked as Rcyc. On doping La, more
than one peaks are observed which indicated the presence of more
absorption lines. This means that with doping free spins are
developed. The reason for the development of free spins must be the
breakage of the spin cycloid. The ESR line with narrow line width is
associated with the defect induced free spins (Rdef) while the other
one with relatively wider line width is the resonant absorption in the
cycloidal spin structure (Rcyc) as mentioned earlier. The g-value
obtained from Rcyc of the La-doped samples increases from 2.14 to
2.72 where as that obtained from Rdef decreases from 2.17 for x = 0.0
to 2.03 for x = 0.1 and then increases to 2.11 for x = 0.15. g-Values
obtained from all the samples are shown in the Table 1.

4. Conclusion

Rod-shaped pure and lanthanum doped bismuth ferrite have
been synthesized by the hydrothermal technique. The diameter of
the cylindrical-shaped particles reduces on increasing La-content.
Both magnetization and dielectric constant increase with the
increase in doping concentration. An abrupt increase in magneti-
zation is observed from 400 8C which has been attributed to the
spin canting due to lattice distortion and the increase in thermal
energy. Electron spin resonance study shows that the enhance-
ment of magnetization is due to the breaking of the spin cycloid.
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