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Abstract: Cobalt (Co)-doped Bi0.9La0.1FeO3 multiferroics were synthesized by a sol-gel method based on the auto-

combustion technique. As-synthesized powder was examined using various characterization techniques to explore the effect

of Co substitution on the properties of Bi0.9La0.1FeO3. X-ray diffraction reveals that Co-doped Bi0.9La0.1FeO3 preserves

the perovskite-type rhombohedral structure of BiFeO3, and the composition without Co preserves the original structure

of the phase; however, a second-phase Bi2Fe4O9 has been identified in all other compositions. Surface morphological

studies were performed by scanning electron microscopy. Temperature-dependent resistivity of the samples reveals the

characteristic insulating behavior of the multiferroic material. The resistivity is found to decrease with the increase both

in temperature and Co content. Room temperature frequency-dependent dielectric measurements were also reported.

Magnetic measurements show the enhancement in magnetization with the increase in Co content.
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1. Introduction

Multiferroic materials usually contain at least two of

the ferroic order parameters (ferromagnetic, ferroelectric,

and ferroelastic) in a single phase. Due to the unique physi-

cal properties from this coexistence of several order param-

eters, multiferroics have attracted extraordinary scientific

interest [1-2]. The magnetoelectric (ME) coupling is the

key feature for multiferroic devices. If the coupling be-

tween magnetization (M) and electric polarization (P ) is

sufficiently strong, M can be controlled by electric field,

and vice versa. This mechanism is very useful for the in-

formation storage in memory devices with four logic states

(±M , ±P ) [3].

For the material, an effective control of magnetic be-

havior in connection with electric field widens the applica-

tions of spin electronics. Lim et al. [4] theoretically pre-

dicted the ME effect for the first time, and then Shtrikman

et al. [5] confirmed it in experiment. Afterwards, a num-

ber of magnetic materials have been developed to display

this effect. However, the achieved value of ME effect was

too small to satisfy the device applications [6-7]. Single-

phase multiferroic properties have been, so far, recognized

only in perovskite oxide materials. These properties are

usually attained by the stereochemical action of lone pair

on A-site (cations in A-site offer the ferroelectricity) and

holding magnetism on B-site (the smaller cations). This

situation in BiFeO3 (BFO) is most extensively studied for

single-phase multiferroics (antiferromagnetic and ferroelec-

tric) [8]. At room temperature, BFO has two order param-

eters: (i) a high Curie temperature ferroelectric ordering;

(ii) a magnetic transition, G-type canted antiferromagnetic

ordering [9-11].

For the basic properties of ferroelectromagnetic mate-

rials, multiferroics are the potential candidates for modern

device applications. For example, these materials play a

significant role in sensors and spintronic devices [12-13].

However, there are still some restrictions for application
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due to small remnant polarization, high leakage currents,

and spiral antiferromagnetic spin arrangements in BFO-

based polycrystalline bulk materials. Many researches

have been carried out on BFO to modify its ferroelectric

and ferromagnetic properties, such as the epitaxial con-

straint, high magnetic fields, and chemical substitution.

In epitaxial BFO thin films, Singh et al. [14] reported

an enhanced coercive field and remnant polarization. In

rare-earth doped BFO samples, the improvement in mag-

netization has also been reported where a strong involve-

ment in net magnetization takes place due to the magnetic

moments of rare earth ions. It is also indicated that the

ferromagnetic property in BFO enhanced with the doping

of Mn and Sr is related to the suppression of spiral spin

structure [13]; and it is quite essential to achieve the mul-

tiferroic properties and enhance them with the doping of

some other materials. Cobalt (Co) has strong ferromag-

netic behavior and is well known as the potential research

candidate due to the strong magnetic interactions. There-

fore, the present study aimed to investigate the effect of

Co on the structural, electrical, and magnetic behavior of

Bi0.9La0.1FeO3.

2. Experimental

BFO was prepared by a sol-gel auto-combustion

technique with glycine as a fuel agent. Metal nitra-

tes and glycine (as a precursor) were used to pre-

pare the aqueous solution with the molar ratios of

4BiNO3(OH)2·BiO(OH):La(NO3)3·6H2O:Fe(NO3)3·9H2O:

glycine as 0.9:0.1:1:2. Stoichiometric proportions of the

metal nitrate were dissolved in 75 mL distilled water fol-

lowed by the addition of stoichiometric glycine. The blend

was placed on a hot plate at 120-130oC along with con-

tinuous stirring using a magnetic capsule until it became

a dark viscous gel. The auto-ignition of the dried gel

took place with continuous heating and a large quantity

of gases was evolved. The entire procedure took about

90 min, but the time between the actual ignition and the

end of reaction was less than 30 s. After the combustion

was over, it was further heated for 30 min to complete

the combustion of material. As-synthesized powder was

grinded and then pelletized using Apex hydraulic press.

The pellets were sintered in air at 300oC for 2 h in a

muffle furnace (Ogawa Seiki Co., Japan). X-ray diffrac-

tion (XRD) patterns of samples were taken using MPD

X’PERT PRO of PANalytical Diffractometer under the

identical operating conditions. All the patterns were ob-

tained at room temperature using Cu Kα (λ = 15.4178 nm)

radiation to identify the crystal structure and characterize

unknown phases. Morphological studies were performed

using an S-3400N HITACHI EMAX scanning electron mi-

croscope (SEM). Resistivity and dielectric measurements

were obtained to explore the electric behavior of samples.

Magnetic measurements were carried out by a Lakeshore-

7404 vibrating sample magnetometer (VSM).

3. Results and discussion

3.1. XRD analysis

The XRD patterns of compositions are shown in Fig.

1. The analysis indicates the formation of rhombohedral

perovskite-like BFO structure. There is no impurity or sec-

ond phase detected in the composition without Co. How-

ever, the diffraction peak marked with an asterisk indicates

the formation of an impurity phase (Bi2Fe4O9) together

with the major BFO phase. This phase has been previ-

ously reported during the synthesis of BFO [17-20], and

even by a longer calcination time, it can not be removed.

It is also clear from the XRD patterns that the peaks are

shifted to the lower angles with Co doping due to the larger

ionic radius of Co (88 pm), which are larger than that of

Fe (78 pm). The overall breadth of characteristic diffrac-

tion peaks obtained from the XRD patterns is an indirect

sign of change in the crystallite size of all samples. The

crystallite size (nm) has been predicted from the X-ray

peak broadening; the most intense diffraction peak (110)

for all the samples is considered, by means of the Scherrer

formula [21] as the following equation.

Fig. 1. XRD patterns of Bi0.9La0.1Fe1−xCoxO3. The

peak of the impurity phase (Bi2Fe4O9) is marked with

an asterisk.

Crystallite size =
0.94λ

B cos θ
(1)

where θ is the Bragg’s angle, B the full-width at half-

maximum (FWHM) in radians, and λ the wavelength (λ

= 15.4 nm) of Cu Kα radiation used to obtain the XRD

patterns. The crystallite size is directly associated with
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the ionic radii and lattice parameters. Hence, the change

in lattice parameters is correlated with the change in crys-

tallite size. The crystallite size was found in the range of

17-19 nm for all the samples. This small change could be

attributed to the small difference in ionic radii of dopant

and substituent. The variation of crystallite size with Co

doping content is represented in Fig. 2.

Fig. 2. Crystallite size vs. Co doping content in Bi0.9-

La0.1Fe1−xCoxO3.

3.2. SEM analysis

The micrographs of all the samples are shown in Fig.

3. As can be seen in all the micrographs, two kinds of

grains are more common: the one bonded together to make

larger grains with the well-defined crystalline shape and

the others with very small-sized equiaxed grains scattered

on the surface at various places. The grain size of these

two kinds of grains is estimated as 0.5-4 μm. Some fine

grain boundaries with few pores may also be witnessed. In

Fig. 3(e), there are large numbers of small grains spread on

surface. The estimated grain size of these small equiaxed

grains at magnification is less than 0.5 μm. Moreover, some

cracks are also found in all micrographs.

3.3. Electrical resistivity

The electrical resistivity of Bi0.9La0.1FeO3 is expected

to reduce by the substitution of a small amount of Co at

Fe site. The temperature-dependent DC electrical resistiv-

ity evaluated for all the samples are shown in Fig. 4. The

undoped sample exhibits a maximum value of resistivity of

8.40 GΩ·cm at 160oC, which decreases gradually with the

increase in temperature with the value of 1.11 MΩ·cm at

350oC. It is observed that the values of resistivity decrease

with the increment in Co content and becomes 0.16 GΩ·cm
at 160oC for x = 0.09 in Bi0.9La0.1Fe1−xCoxO3. The im-

provement in crystallinity due to Co doping, as confirmed

by the XRD analysis, might be the reason for a decrease

in resistivity with the increase in Co content. The over-

all trend observed in all the samples was that the value

of DC electrical resistivity decreased with the increase of

temperature.

3.4. Dielectric measurements

The electronic exchange between Fe2+ and Fe3+

causes the local displacement of charge parallel to the ap-

plied electric field. This displacement of charge results in

polarization, which determines the dielectric constant and

dielectric loss factors of ferrites in turn. Dielectric constant

(ε′) and dielectric loss factor (ε′′) of all the samples were

measured in the frequency (f) range of 1 kHz to 1 MHz at

room temperature. Fig. 5 reveals that both the dielectric

Fig. 3. SEM images of Bi0.9La0.1Fe1−xCoxO3: (a) x = 0; (b) x = 0.03; (c) x = 0.05; (d) x = 0.07; (e) x = 0.09.
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Fig. 4. Temperature-dependent resistivity of La0.1-

Fe1−xCoxO3.

constant and dielectric loss factor of all compositions de-

crease with the increase in frequency. The decrease in di-

electric constant is related with the dielectric relaxation,

which is a main cause of anomalous dispersion. In the

structural view point, dielectric relaxation involves in ori-

entation polarization, which depends on the molecular ar-

rangement of dielectric materials [22]. Consequently, at

higher frequency, the rotator motion of dielectric polar

molecules is not sufficient for the attainment of equilib-

rium with field. Therefore, the dielectric constant appears

to be constant with the increasing frequencies. In other

words, at high enough frequency, the dipoles due to iner-

tia can not align themselves in the direction in the applied

field. As a result, the dielectric constant and dielectric loss

factor remain almost constant [23].

3.5. Magnetic measurements
The magnetic hysteresis (M -H) loops of undoped and

Co-doped samples are represented in Fig. 6. Traditionally,

BFO is known to exhibit G-type antiferromagnetic char-

acteristics [24]. However, a weak ferromagnetic behavior

may be observed due to the residual magnetic moments,

which is attributable to the canted spin structure [25].

This behavior is evident from the M -H loops of two sam-

ples: one without Co doping and the other with 3at%

Co. In both samples, very small values of remanence (Mr)

and saturation magnetization (Ms) are observed. As the

Co content increases up to 9at%, gradual increases in Mr

and Ms are observed, the characteristic of ferromagnetic

behavior. This increased ferromagnetic characteristic of

samples with the increase of Co content is well in agree-

ment with the previously reported results and can be

attributed to the breakdown of balance between the anti-

parallel sublattice magnetization of Fe3+ due to the metal

ion substitution with a different valence [26].

Fig. 5. Dielectric constant (a) and dielectric loss fac-

tor (b) vs. frequency.

Fig. 6. Magnetic hysteresis (M-H) loops of Bi0.9-

La0.1Fe1−xCoxO3.

4. Conclusions

Single-phase Bi0.9La0.1FeO3 was successfully synthe-
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sized by a sol-gel auto-combustion technique. However, a

small impurity phase of Bi2Fe4O9 was detected in all the

Co-doped compositions. The lattice parameters and crys-

tallite sizes were significantly changed with the substitu-

tion of Co at Fe sites. Morphological studies demonstrated

the well-shaped bounded grains. Electrical properties of

samples were investigated to find the dielectric constant

and resistivity. Temperature-dependent resistivity exhib-

ited an insulating behavior of all the samples. However,

the value of electrical resistivity exhibited a decreasing

trend with the increase of Co content. Ferromagnetic

behavior was evident in the compositions, but the value

of magnetization was enhanced with the increase in Co

contents. In brief, at room temperature, the perovskite

Co-doped solid solution is confirmed to display the ferro-

magnetic behavior.
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