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Abstract : Bi;_yLayFe;g:C041503(x = 0.1,0.15 )Ceramics have been prepared by sol-gel
technique. X-ray diffraction data indicated a phase transition from rhombohedra with space
group R3c toorthorhombic structure and decreasing in crystallite size from26.27nm to 21.05nm
for x=0.1, 0.15, respectively. The activation energy for electrical conduction has been
calculated from the Arrhenius plot using impedance measurement. The activation energy for
the grain conduction was found to be increased from 0.286 eV to 0.38eV for x=0.1, 0.15,
respectively measured in the temperature ranges (300°C,350°C,400°C,450°,500°C). The
vibrating sample magnetometer (VSM)results showed that the saturation magnetization (Ms)
increased from 13.24emu/g for x=0.1 to 39.59 emu/g for x=0.15, due to the collapse of spin
cycloid structure. The remnant magnetization (Mr) is also correspondingly enhanced from 3.43
emu/g to 11.88emu/g.

Keywords : nano-particle, multi-ferroics, dielectric constant, dielectric loss, bismuth
ferrites, magnetization.

1. Introduction

Multiferroic materials exhibiting coexistence and simultaneous coupling of ferroelectricity and
ferromagnetism have recently attracted considerable attention due to their potential applications and attractive
physical phenomena[1,2].As one of representative single-phase multi-ferroics, BiFeO3 (BFO) is known to be
the only material that is both ferroelectric (T¢~830°C) and anti-ferromagnetic (Ty ~ 370°C) at room
temperature, which makes it an excellent possible candidate for practical application[3,4].However, synthesis of
a BFO single-phase material is slightly complicated due to some reasons: (i) large leakage current in BFO
ceramics is induced by impurities; (ii) non-stoichiometry and oxygen vacancies, which made the material to be
difficult to achieve good ferroelectric properties. So the chemical modification by co-substitution of rare-earth
or transition metal ions into the BFO crystal was proposed[5,6]. Previous studies showed that the enhancement
of magnetic properties of BFO material was obtained due to Bi-sites replaced by rare-earth or Fe-sites replaced
by transition metal ions[7-9]. The substitution of rare- earthions at the Bi-sites is also effective way to decrease
leakage current, to enhance ferromagnetic, meanwhile the substitution of transition metalions at the Fe-sites
contributes to improving ferroelectric properties[10].
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Zhao and Yun, (2013) investigated the impacts of simultaneously co doping of Ho and Mn in
BiFeOsnano-particles and enhanced ferromagnetism was attributed due to the structural distortion and reform of
the anti-parallel spin structure by Mn substitution[11]. BFO ceramics co doped with Ho and Ni cations
(BiyxHoxFe;yNi,O3) by Tadic et al. (2014) using the solid-state method[12]. The investigators concluded that
Ni improved ferromagnetic properties while Ho canted the magnetic exchange.

In W. Mao et al.(2014), Big.gs LNg.osFe0.95C00,0s03 Ceramics were synthesized, which the co doped with
cobalt and rare earth metals lanthanum or Praseodymium (Ln = La, Pr) by sol-gel method. The impacts on
various parameters were investigated and it was reported that the impurity phases were effectively suppressed
and the magnetic properties of the two co-doped samples were significantly enhanced [13]. It was also observed
from Raman results that La and Co co-doping originate a significant distortion of Fe—O bonds which may
enhance magnetization and ferroelectric properties in La and Co into BFO.

Therefore, rare- earthandtransition metalco-doped BiFeO; materials are expected to enhance both
ferroelectric and ferromagnetic properties for practical applications [5, 14, and 15].

In this study, we reported the synthesis of (La, Co) co-doped BiFeO; materials with different doping
contents using a sol-gel technique. The Structural, dielectric and magneto-electric properties of
Bii_y,La,Feyg5C091505 (x= 0.10, 0.15) ceramics were investigated by their respective characterization
techniques.

2. Experimental details

The Bi;_yLa,Fegg5C04 1503 (x = 0.10.0.15) ceramics were prepared using sol-gel technique.Nitrates
of(N03)5.5H,0 ,Co(NO3),.6H,0,Fe(N03)3.9H,0,La(N0O3)5.5H,0 with purities more than 99.5%, were
used as precursors. Citric acid (CeHg0,) was used as chelating agent. Stoichiometric amounts of nitrates were
added to doubly de-ionized water separately and mixed with citric acid in a glass beaker at room temperature,
so that one mole of metal nitrates is equal to one mole of citric acid to facilitate the reaction rate. The mixed
chemicals were stirredexothermally by magnetic stirrer with high velocity until uniform solution was formed.
Further, the solution in beaker was placed on hot plate having magnetic stirrer and heated up to a temperature of
90°C for 2hrs.

Ammonia solution (N H3) was slowly added to the solution to control the PH value around neutral value
with continuous stirring. This was continued until the solution is turned to gel. The gel has taken out on
evaporating dish and was placed in hot oven at temperature 120°C for four hours to become dry gel. Then,
water evaporation is held by raising the temperature of the dried gel to 220°C. Then the dried gel was grinded
by agate mortar. The obtained powders were placed in hotfurnace and pre-sintered to 650°C for 3hrs in order to
remove excess hydrocarbon and some impurities. The powders were again grinded very finely and pressed to
the pellet of about 1mm thick and 10mm diameter disks with hydraulic press of 12.5 ton. Finally the pellets
were sintered at 850°C for 3 hrs resulting in good densification. Both sides of the surface of the pellets were
silvered using silver paste and heated at 100°C for 1hr, for electrical measurements.

The samples phase identifications were characterized by x-ray diffraction (XRD) in the range of 20
from 20° to 70°, step of 0.02° with continuous scan rate of 0.2° per second using *XRDML with Cu-
Karadiation(.=1.54056A4), the Fourier transform infrared (FTIR) spectroscopy was used to determine the range
of absorption band for further phase identification in supporting XRD.The samples surface morphologies and
chemical compositions, respectively were characterized by scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX). The impedances were measured using impedance analyzer (Wayne Kerr). Magnetic
measurement at room temperature was conducted using vibrating sample magnetometer (VSM, Lakeshore 7407
series).

3. Results and Discussion

3.1. Structural analysis

Figures 1a&b have shown the XRD patterns of Bi;_,La,Fegg5C001503 (x=0.1, 0.15) ceramicssintered
at 850°C. The room temperature XRD pattern confirms the formation of crystalline single phase orthorhombic
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structure with small peaks (*) associated with Bi,sFeO,o impurity phase (ICDD 57594-58-8). The presence of
small amount of other impurity phase cannot be ruled out during synthesis of these nano-particles.

The full width at half maximum intensity (FWHM),S of (110) and (104) main diffraction peak was
utilizedto calculate the average crystallite size (D) for each sample using Debye-Scherer formula[16].

ki
- BCose(l)

Where k is the dimensionless constant with typical value of ~0.9, A is the wavelength of Cu-ka
radiation with value of 1.54184 and @ is the Bragg angle of the main peak (110)/(104).

To investigate the change in crystal structure and parameters, Rietveld refinement of the synthesized
was carried out using FULLPROF suit program. The Miller indices are compared with JCPDs card no. 34-0411
and indexed as shown in the figures 1. The refined structural parameters of the samples are enlisted in Table 1.
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Figure 1 XRD spectra of Bi;_,La,Feyg5C04 1503 for a) x=0.1 b) x=0.15

The doping concentrations from x=0.1 to x=0.15 have shown improved crystallite structure by
disappearing extra peaks as compared to un-doped BFO [17,18]
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Table 1The structural parameters (a, c,V, D) and tolerance factor (t) for (La,Co) co-doped BiFeO;

sample Crystallite size | t Lattice Volume
D(nm) parameters V= V3 ale
2
a=b(A) c(A)
X=0 47[17] 0.95[7] | 5.802[7] 13.87[7] 404.35
(BFO)
X=0.1 26.27042 0.889 5.627 13.85066 379.8
X=0.15 21.01448 0.888 5.543 13.54358 360.374

From Table 1, it is observed that the lattice parameters decreased as concentration of doping increase. It
is also observed that the crystallite size as calculated from Debye- Scherer formula and volume of the unit cell
decreased with increasing (La, Co) co-substituted BFO.

The pure BiFeO; (BFO) is well described by the rhombohedra structure with R3c space group [15,16].
The analysis has shown that as the concentration of the Ho doped in the place of Bi at A-site and Co doped in

the place of Fe at the B-site in BFO, all the samples have changed from rhombohedrastructure to
orthorhombic.

To confirm the distorted perovskite structure, Gold- schmidth tolerance factor(t) relation is used [16].

<R4>+Rp

L= g @

Where< R4 >,< Rg >, and Ry, respectively are the average ionic radii of A-site, B-site and Oxygen. The
calculated tolerance factor for x=0.10 to x=0.15 are shown in Table 1, indicating the crystal deviation from
cubic perovskite structure (t=1) to orthorhombic (t=0.889 -0.88).This slight change in the crystal structure may
lead to changed electric and magnetic properties [18].

3.2. FTIR Analysis

The room temperature FTIR spectra for all samples are shown in figure 2. The strong absorption peaks
near 558 cm* and another near 432 cm * are assigned to O-Fe—O stretching and bending vibration, respectively,
being characteristics of the octahedral FeOg group, which indicate the formation of BiFeO; perovskite
structuretype[18-20].
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Fig.2, FTIR spectra of (La,Co) co-doped BiFeO;
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3.3. Microstructure Analysis

Figures 3a & b show the scanning electron micrographs (SEM) images of Bi;_,La,Fegs5C0.1503
(x=0.10, 0.15) ceramics. From the micrographs, it is noticed that the morphology of the samples dense with
non-uniform grains. The average grain size decreases with increasing of the co-doping contents. The reduction
of the grain size with the co-doping is attributed to the incorporation of ions with smaller ionic radii of La** at
Bi** -site and Co**at Fe** of BFO ceramics[21, 22].
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Fig.3. SEM and EDX (insert) images for (a) x=0.1 (b) x=0.15

In figure 3a&b the EDX spectrum (insert) of the ceramics confirmed the presence of the expected
amount of Bi, La, Fe, Co and O as per the stoichiometry ratios.
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3.4. Electric Modulus Studies

The frequency dependence of the imaginary part of the electric modulus (M”) is used to provide
information relating to charge transport process such as mechanism of electrical transport, conductivity
relaxation and ionic dynamics [23].

Figures 4 a&b show the variation of imaginary part of electric modulus with the frequency of the
applied field irrespective of the temperatures (300°C,350°C, 400°C, 450°,500°C) for the samples.
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Figure 4 Variation of M” with frequency for a) x=0.10 b)x=0.15

From the figures 4, the maximum value (M"max) for each sample shifts towards the higher frequency
side on increasing temperature which is related to the motions of the mobile ions over a long distance [24]. The
frequency range where the peaks occur is the indication of a transition from long range to short range mobility
of charge and the asymmetric peak broadening indicates a spread of relaxation times (t) having different values
with the respect to peak maximum whose positions are frequency and temperature dependent, and hence the
relaxation of non-Debye type[25].

The spectra obtained from the results confirmed that there is hopping of carriers from one lattice site to
the neighboring sit which contribute for electrical conduction of the material [20,26].

The activation energy for each concentration of the co-dopants can be calculated from the slope of the
curve in Log (t) versus 1000/Tas shown in figure 5. The results are summarized in Table .
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Figure 5 Variation of Log (t) with 1000/T for Biy_,La,Feg5C0 1503 (X=0.10, 0.15)
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The wvariation of Log (r) with the inverse of absolute temperature (Figure 5) for
Bij_yLa,Feygs5C04.1503 ceramics is derived from the impedance data plot in figure 4. using the Arrhenius
relation[27]

T = T,exp (;%T) 3)

7,15 the pre-exponential factor, Ea is activation energy in eV, kg is the Boltzmann constant and T is the absolute
temperature.

From the result obtained the value of relaxation time decrease with increasing absolute temperature for
particular La and Co co-doped BFO sample. The results have also shown that the value of activation energy
increase with increasing of the co-dopants concentration which is a typical behavior of the insulating nature of
the grains in the ceramics, which is due to the suppression of oxygen vacancies. In this present work, the
oxygen vacancies obtained may be due to the volatility of bismuth ion during final sintering at a temperature of
850°C and may also be due Fe ion valance fluctuation when Co*'substituted Fe*in BFO ceramic, changing
Fe®*to Fe**for charge compensation. This can be expressed as per Kroger-Vinknotation[28].

"

05 =V, +50,+e" @)

0ZFis the loss of lattice oxygen, V, is the presence of oxygen ion vacancy and e” is the electron released or
captured by Bi-site or Fe-site.

Table2 Variation of activation energy with La and Co co-doped BFO for different temperature

sample | Temperature Relaxation time, (~10~%sec) | Activation energy (eV)
(’C)
300 41.88
350 27.04
X=0.1 |400 9.163 0.286
450 4.7
500 2.41
300 41.89
350 21.48 0.38
X=0.15 | 400 5.92
450 1.39
500 0.76

3.5. Ferroelectric Studies

Figure 6 shows the room temperature P-E hysteresis loop for Bi,_,La,FeygsC04 1505 (x=0.1, 0.15)
ceramics. For the prepared samples the values of spontaneous polarization (Ps), remnant polarization (Pr) and
coercive field (Ec) are summarized in Table 3.

Table 3 Measurement of electrical parameters from P-E hysteresis loops

Sample Ps (uC/cm?) | Es (kV/cm) Pr(uC/cm?) | Ec(kV/cm)

X=0.10 4.77 1.51 451, -4.46 1.07,-1.11

X=0.15 4.86 1.76 4.81,--4.75 1.77,-2.06
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Figure 6 P-E hysteresis loops for Biy_,La,FeygsCoq 1503 (Xx=0.10, 0.15) ceramics

From figures, the shape of the curves obtained look like elliptical type with the sample x=0.15 is more
saturated than that for x=0.10. The polarization level increase with the increasing of co-doping concentration.
This increment may be due to The increased values may be attributed to maximum dielectric observed in the
samples, because the co-doped led to improve the oxygen ion stability in lattice site of the ceramics and hence
improve the fatigue resistance [25].

For both the samples the curves show slightly ferroelectric behavior, but not perfect ferroelectric which
arise from the lossy nature of the material.

3.6. Magnetic Studies

Figure 7 shows the M-H loops for Bi;_,La,Feyg5C0q 1505 (x=0.10, 0.15) ceramics measured at room
temperature. These loops were recorded by vibrating sample magnetometer<VSM Lakeshore-74071". The
scanning range was set between 0 and10000 G(1T). The prepared samples show magnetic hysteresis loops
representing ferromagnetic behavior. From the results obtained, the magnetic parameters such as saturated
magnetization is increased from 13.24 emu/g for x=0.10 to 39.59 emu/g for x=0.15, the remnant magnetization
(2Mr) is 6.158 emu/g for x=0.10 and 20.46 emu/g for x=0.15. The coercive field decreased from 774 G to 498
G when x increased from 0.10 to 0.15.

La and Co co-substitution of BFO play significant role in improving the magnetization of the ceramics.
The improved in magnetic properties is due to the substitution of smaller ionic radius of La** ions at Bi*" site in
BFO resulting in decreasing the average ionic size of Bi-site which in turn decrease the tolerance factor (Table
1) and then increased in octahedral tilt of FeOg by changing in Fe-O-Fe bond angle and Fe-O bond length. The
co-substitution resulted in the increase of the canting angle that suppressed anti-ferromagnetic ordering of the
sub lattice, which is in agreement with the results obtained by Ahmad,S. et al.[5].

The co-doping of La and Co also leads to modification in spiral modulated spin structure resulting in
ferromagnetic behavior in contrast to G-type anti-ferromagnetic of the present compound, which is in
agreement with the result found by A. K. Jena and J. Mohanty [7].

The derived magnetic parameters from the hysteresis loops such as saturation magnetization (Ms),
remnant magnetization (2Mr) and coercive field (2Hc) of co doped samples were summarized in Table 4.
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Figure 7 M-H hysteresis loop for Bi;_,La,Feg5€0¢1503 (x=0.10, 0.15) ceramics

Table 4: Magnetic parameters extracted from M-H curves measured at room temperature for La and Co
co-doped BiFeO;

Sample | Saturation magnetization | Hs (G) Remnant magnetization | Coercive Field ,2Hc (G)
Ms(emu/g) 2Mr (emu/g)

BFO 0.070*[13] 0.0028*[13]

X=0.1 13.24 7906.83 | 6.158 774

X=0.15 | 39.59 7906.10 | 20.46 498

Conclusion

The aim of this paper was to improve the magneto-electric property of BiFeO, by La** and Co* co-
doping ions using sol-gel technique. From the results obtained, the XRD spectra and SEM micrographs
confirmed that the crystal size decrease with increasing the co-doping contents, which is due to the
incorporation of the smaller ionic radii of co-substitution ions. In the impedance measurement, the obtained
activation energy increase with increasing the co-doping contents and decrease with increase of frequency
which is attributed to size effect. The results have also shown us the ferroelectric properties are enhanced with
co-substitution due to the suppressed oxygen vacancies which may arose from the volatility of the bismuth at
elevated temperature. The room temperature magnetic measurement by VSM showed that the enhanced
magnetic properties with the increasing the co-doping contents. The improved in magnetization is attributed to
the suppression of spin spiral cycloid of G-type anti-ferromagnetic structure of BFO, as the result of the
reduction of grain size (size effect). The significantly enhanced in both ferroelectric and magnetic properties
(Magneto-electric) of the single material has potential application from technological point of view.
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