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a b s t r a c t

Bi1–xBaxFeO3 (0.0rxr0.25) ceramics are prepared by chemical synthesis route. At room temperature,

antiferromagnetic BiFeO3 is converted to ferromagnetic on doping Ba. A large change in the

magnetization is observed around 370 1C which is close to the Neel temperature (TN) of parent

compound. Another magnetic transition is also observed near 600 1C. Spin canting or impurity phase

could be a probable reason for the origin of ferromagnetism in both cases. Ferroelectric and magnetic

transitions of the compounds shift towards higher temperature with Ba-doping concentration.

Anomaly in the dielectric constant is also observed near the TN of BiFeO3. The composition x¼0.15

shows the maximum magnetic moment at room temperature while better fatigue resistance and

maximum magnetoelectric coupling are observed for x¼0.20 composition.
1. Introduction

Multiferroics that possess two ferroic (ferroelectric and mag-
netic) orderings in single phase are very rare in nature due to
their requirement of coexistence of transition metal ions with odd
number of d electrons for magnetism and with d0 electronic
configuration for ferroelectric property in the same compound.
Bismuth ferrite (BFO) is one of the most interesting members [1]
of multiferroic family which shows a large magnetoelectric
coupling in single phase at room temperature. It has been studied
by many groups worldwide due to its importance in fundamental
research as well as in commercial applications.

BFO has a rhombohedrally distorted perovskite structure
which belongs to the R3c space group [2]. Compared to other
multiferroics, BFO exhibits a higher ferroelectric Curie tempera-
ture (TC �830 1C) and a high G-type antiferromagnetic ordering
(TN�370 1C) temperature [3]. At room temperature pure bismuth
ferrite shows an antiferromagnetic nature because of its compli-
cated cycloidal spin structure with a wavelength l of about 62 nm
along the [110]h axis at room temperature. Though BFO is
considered as a promising candidate for magnetic storage or in
the applications of spintronics devices [4], leakage current due to
oxygen vacancies or impurities is the major problem in BFO. It has
been observed that doping [5–8] with lone-pair active ions at
A-sites and magnetic transition metals at B-sites reduce the
leakage current in BFO and enhance the multiferroic properties.
Doping changes cycloidal spin structure of BFO to a canted spin
structure [9] which can be the reason behind the enhancement in
magnetic properties in doped samples as similar effect is also
observed in a-Fe2O3 above a certain temperature called, Morin
transition temperature. a-Fe2O3 shows antiferro to ferro-mag-
netic transition above Morin transition (TM) temperature [10] due
to the spin flip by 901 from the c-axis to the c-plane. Detection of
small ferromagnetic impurity is very difficult from usual XRD
techniques. So it is not confirmed yet that this change in
magnetism is due to the existence of any ferromagnetic second
phase or not.

Though Ba-doped BFO shows promising results, few reports
are available on this composition [11–14]. In the present article,
we have investigated the effect of Ba concentration on the
magnetic and magnetoelectric properties of BFO in detail.
2. Experimental

Bi1–xBaxFeO3 ceramics (x¼0.0, 0.10, 0.15, 0.20 and 0.25) were
prepared by chemical synthesis route in an ambient atmosphere.
Starting chemicals Ba(N03)2, Bi(N03)3 and Fe(N03)3, were weighed
according to the stoichiometric compositions, all supplied by
Sigma–Aldrich with a purity of 99.9%. Solutions of these chemi-
cals were mixed and dried up at 80 1C. Homogeneous powders
were calcined in two steps: (a) at 500 1C for 4 h and (b) at
appropriate temperatures between 865 1C and 885 1C for 2 h to
get a single phase ceramics. For the measurement of electrical
properties, pellets with diameter of 5 mm and thickness of 1 mm
were prepared and sintered at 850 1C. Both sides of the pellet
were pasted with silver paste to connect electric wires for the
measurements of dielectric and magnetoelectric properties.

Phase and structure of the samples were determined by X-ray
diffraction (XRD) using CuKa radiation (P Analytical). The magnetic
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Fig. 1. XRD patterns for Bi1–xBaxFeO3 (0rxr0.25) samples. The symbols ‘*’ and

‘B’ indicate the presence of impurity phases in pure BFO sample.

Fig. 2. DTA curve for Bi1–xBaxFeO3 (0rxr0.30) indicating the ferroelectric

transition temperature (TC).
properties of BFO were measured using a VSM (Lake Shore
Cryotronics) at a maximum field of 16 kOe at room temperature.
Differential thermal analysis (Perkin Elmer) and differential scan-
ning calorimetry (TA Instrument) of the samples were carried out
to study the transition temperatures (ferroelectric and ferromag-
netic). Impedance analyzer (Agilent 4294A) was used to measure
the change in dielectric constant of the samples within the
frequency range from 40 Hz to 1 MHz. Ferroelectric hysteresis
loops were studied by a P–E loop tracer (Marine India).
Fig. 3. DSC heating and cooling curves for Bi1–xBaxFeO3 (0rxr0.30) indicating

the magnetic transition temperature.
3. Results and discussion

Fig. 1 shows the XRD pattern of Bi1–xBaxFeO3 (x¼0.0, 0.1, 0.15,
0.2 and 0.25). Except the first one, all other samples show a single
phase perovskite structure which implies that the doping does
not lower the stabilization of BiFeO3. Only BiFeO3 shows addi-
tional low intensity peaks of Bi2O3 and Bi2Fe4O9 at 2yE27.61,
33.21 and 30.521. Inset of Fig. 1 shows the magnified patterns
within 2yE28–361 which reveals a shift in the peak positions
towards left with the increase of doping concentration, indicating
increment in the lattice parameter. Thus Ba substitution leads to
an increase in the unit cell volume since the ionic radius of Ba
(2.173 Å) is larger than that of Bi (1.55 Å). Separation between
(012) and (110) diffraction peaks (inset of Fig. 1) is reduced with
Ba substitution which implies that the rhombohedral structure
may be distorted to a monoclinic or a tetragonal structure. This
change might be important for the ferroelectric properties of the
compounds.

Thermal analysis of the samples has been carried out with DTA
(200–900 1C) and DSC (30–500 1C) to study the ferroelectric and
magnetic transition temperatures, respectively. DTA results are
shown in Fig. 2. For the parent compound, a peak obtained at
831 1C is attributed to the ferroelectric transition (TC) in this
compound. The peak is shifted towards higher temperature in the
Ba-substituted compounds and reaches 868 1C for x¼0.25, exhi-
biting ferroelectric characteristics over a wide temperature range.
This increase in TC can be due to the decrease of pressure with
increase in the cell volume. In BaTiO3 the various transition
temperatures shift down on compression [15]. Similarly, lowering
of ferroelectric transition temperature is observed when doped
with smaller atoms [16]. DSC results for Bi1–xBaxFeO3 are shown
in Fig. 3. As it can be seen in the figure, the heat flow data shows a
kink like anomaly at 369.2 1C for x¼0 (heating curve) and the
kink position is almost the same for both heating and cooling
curve indicating a second order magnetic phase transition for the
compound. Similar to the ferroelectrical transition, magnetic
transition also shifts towards higher temperature on Ba-doping
which is 386.2 1C for x¼0.25.

The magnetic hysteresis loops, as shown in Fig. 4, illustrate the
linear field dependence of magnetization for pure BFO indicating
its antiferromagnetic nature. However, when Ba is doped repla-
cing Bi, ferromagnetic behavior is observed at room temperature
and the characteristics of the loop depends on doping concentra-
tions. As shown in the inset of Fig. 4, remanent magnetization and
coercivity are maximum in case of x¼0.15. Although the reason
behind the occurrence of ferromagnetism in Ba doped BFO
samples is not clearly understood, this can be attributed to the
change in interaction between Feþ2 and Feþ3 breaking down the
balance between the antiparallel sublattice magnetization
[17,18]. Change in the canting angle [19] or spiral spin modula-
tion [20] may also be a responsible for this phenomenon.

Fig. 5 shows the temperature dependence (30–750 1C) of
magnetization, M of Bi1–xBaxFeO3 in the presence of a magnetic
field, H¼600 Oe. For all Ba doped or undoped sample, an
antiferromagnetic (AFM) transition is observed, with a ferromag-
netic or ferrimagnetic nature above �373 1C (TM1). Another
magnetic transition is also observed above �600 1C (TM2).



Fig. 4. Magnetic hysteresis loops of Bi1–xBaxFeO3 (0rxr0.25) at room temperature.

Fig. 5. Magnetization vs. temperature plot of Bi1–xBaxFeO3 (0rxr0.25).

Table 1
Comparison of magnetic transition temperature observed in DSC and VSM

measurements of Bi1�xBaxFeO3 ceramics.

Measurement (1C) X¼0.0 X¼0.10 X¼0.15 X¼0.20 X¼0.25

DSC data (heating) 369.2 371.3 373.3 380.2 386.2

VSM data (TM1) 372 398 400 407 409

Fig. 6. Magnetic hysteresis loops of pure bismuth ferrite at different temperatures.

Fig. 7. Magnetic hysteresis loops of Bi0.85Ba0.15FeO3 at different temperatures.
The slight increase in transition temperatures with Ba-concentra-
tion is shown in the inset of Fig. 5. This is in good agreement with
our DSC data (Table 1). M increases with Ba concentration till
x¼0.15 beyond which it decreases. To understand the magnetic
behavior, hysteresis loops are measured at temperatures, below
TM1, above TM2 and within them and they are shown in Figs. 6 and
7 for pure BFO and the sample with x¼0.15. In between TM1 and
TM2, pure bismuth ferrite shows hysteresis loop with very small
coercivity, Hc�50 Oe. This magnetic behavior above the Neel
temperature can be due to the existence of impurity phase of
Bi2Fe4O9 as it is a paramagnetic at room temperature [21]. The
linear field dependence of M is observed at temperatures higher
than TM2. Ba-doped samples show ferromagnetic hysteresis loops
up to TM2, above which they exhibit linear M vs. H behavior
resembling the paramagnetism as shown in Fig. 7 for x¼0.15. A
sharp decrease in the coercivity from 3.66 kOe to 14.3 Oe is
observed with increase of temperature from 30 1C to 520 1C in
case Ba0.15BFO sample.

To confirm the magnetic state of the samples at different
temperatures, Arrott’s plots (M3 vs. H) have been plotted in Fig. 8
for the samples with x¼0 and 0.15. Parent compound shows a
positive intercept (Fig. 8(a)) on the y-axis indicating spontaneous
magnetization in between TM1 and TM2 only. On the other hand,
Ba0.15BFO shows a spontaneous magnetization up to TM2 (Fig. 8(b)).

It is very difficult to get good ferroelectric properties in BFO
ceramics due to the presence of oxygen vacancies. However, with
Ba substitution, sample is becoming more insulative and better
ferroelectric properties are observed. This can occur if the samples
have a stoichiometry of Bi1–xBaxFeO3–d instead of having mix
valence of Fe ions. This can also be explained by the distortion of
oxygen octahedral by a relative displacement of the equatorial
and apical oxygens in Ba doped samples as observed in A site ion-
substituted Bi4Ti3O12 [22]. An enhanced ferroelectricity observed



in Bi4–xLaxTi3O12 is due to the rotation of TiO6 octahedra in the
a–b plane accompanied with a shift of the octahedron along the
c-axis. Room temperature P vs. E loops of Bi1–xBaxFeO3 (x¼0.1,
0.15, 0.2 and 0.25) samples are shown in Fig. 9 at the frequency of
50 Hz. Ba0.1BFO and Ba0.15BFO exhibit an unsaturated hysteresis
loops while Ba0.2BFO shows saturated P–E loop. Though Ba0.25BFO
is showing higher polarization compared to that of others, the
observed roundish hysteresis loop is due to a large leakage
current which can overshadow the real contribution from reor-
ientation of electrical dipoles [23]. From Fig. 9 it can be predicted
that dielectric loss or leakage current is negligible in Ba¼0.1, 0.15
and 0.2 doped samples.
Fig. 8. M3 vs. H plots of (a) BiFeO3 and (b) Bi0.85Ba0.15FeO3 at different temperatures.

Fig. 9. Ferroelectric hysteresis loop of Bi1–xBa
The electrical switching causes trapping of electronic charge at
the domain wall. Fatigue endurance of the samples is also an
important factor for practical applications. Fatigue occurs in BFO
mainly because of the change in the positions of oxygen vacan-
cies. Doping of higher radius Baþ2 reduces movable charge
density due to which fatigue resistance changes with appropriate
doping concentration. Fatigue characteristics of all samples are
carried out at an applied field of 76 kV cm�1 and a frequency of
50 Hz. Fig. 10 shows that Pr value remains almost the same up to
2�105 read and/or write switching cycles for samples x¼0.1–0.2.
P–E loop shows the same nature before and after the fatigue
measurement. Though Ba0.25BFO shows higher Pr value initially
than the other Ba doped samples, fatigue resistance of Ba0.25BFO
is very much lesser than the rest of Ba doped samples. Pr value of
Ba0.25BFO decreases continuously from �24.3 mC/cm2 to a lower
xFeO3 (0rxr0.25) ceramics at f¼50 Hz.

Fig. 10. Fatigue traits of Bi1–xBaxFeO3 (0rxr0.25) ceramics at E¼76 kV cm�1

and f¼50 Hz.



Fig. 11. Dielectric constant vs. frequency (50 Hz–1 kHz) of Bi1–xBaxFeO3 (0rxr0.25)

ceramics at room temperature.

Fig. 12. Dielectric constant (e) vs. frequency (E100 Hz–2 kHz) of Bi0.8Ba0.2FeO3

sample at different fields: (a) MD vs. applied field (b) e vs. temperature.
value with the switching cycles. Compared to others, the sample
with x¼0.2 concentration shows maximum fatigue resistance
with Pr value about �14.35 mC/cm2 throughout the measurement
cycles.

Fig. 11 shows the variation of dielectric constant of the
samples measured from 50 Hz to 1000 kHz at room temperature.
Dielectric constant changes noticeably with doping concentration.
Ba0.2BFO shows maximum dielectric constant at room tempera-
ture. The trend observed here is closely similar to that of ferro-
electric measurements. Magnetoelectric coupling of sample
Ba0.2BFO (which shows maximum fatigue resistance) is clearly
shown in Fig. 12. Dielectric constant of the sample increases with
the applied magnetic field. Fig. 12(a) shows a field dependence
of the magnetodielectric (MD) effect [12,24], expressed by
[er(H)�er(0)]/er(0) at a frequency (f) of 500 Hz. The value of
positive MD effect in case of Ba0.2BFO sample is higher than the
MD effect reported in Nd doped BFO ceramics [25]. On the other
hand, at higher magnetic field some multiferroics such as BiMnO3

show a negative MD effect i.e. decrease in dielectric constant with
increase in the applied field [26]. This increase in e with the field
might be due to magnetoelectric effect or leakage current or
magnetostriction. But the resistivity of the material increases on
Ba doping. Therefore, we can eliminate the leakage current effect.
To the best of our knowledge, effect of magnetostriction on e
value of BiFeO3 is not checked yet. The percentage change of e in
BiMnO3 due to magnetostriction which was reported to be lesser
than 1% [26]. Therefore, magnetoelectric effect is a dominant
factor for the change in e with magnetic field. In mutiferroics,
electric and magnetic domains coexist. The application of mag-
netic field gives rise to strain and hence develops stress. Strain
induced stress on the ferroelectric generates the electric field [27].
This field could orient the ferroelectric domains, leading to an
increase in ferroelectric properties. So e value of the material
increases when magnetic field is applied. The temperature
dependence of dielectric constant of the sample Ba0.2BFO from
room temperature to 460 1C is shown in the Fig. 12(b). Further
increase of temperature was not possible due to the limitation of
sample holder. It is observed that at zero field dielectric constant
of the sample increases sharply above 360 1C. This sharp increase
can be considered due to the magnetic phase transition around
this temperature or it can be said that the magnetic ordering
suppresses the dielectric constant.
4. Conclusion

Magnetic and ferroelectric properties of BFO are found to
change significantly with Ba substitution in place of Bi. Above
the Neel temperature of pure BFO, a large enhancement in
magnetization is observed in Ba doped samples. Transition
temperatures (magnetic and ferroelectric) shift towards higher
temperature with the increase in dopant concentration. Canting
of spins and displacement of oxygen atoms from their original
position could be the reasons for enhanced magnetic and ferro-
electric properties, respectively. A noticeable change in dielectric
constant with doping and the observed change in lattice para-
meters indirectly confirm that Ba is not remaining isolated in the
compound but enters the lattice. Magnetoelectric coupling also
increases due to Ba substitution. Measurements of electric prop-
erties illustrate a remarkable difference in dielectric constant
above the magnetic transition temperature of the parent
compound.
Acknowledgment

One of the authors (RD) is grateful to CSIR (India) for a
fellowship. The above work is supported by SNBNCBS through
the Project SNB/KM/10-11/57. We are thankful to Dr. A. Sen,
CGCRI, Kolkata, India, for helping us in doing P–E hysteresis
measurements.

References

[1] S.-W. Cheong, M. Mostovoy, Nature Materials 6 (2007) 13–20.
[2] F. Kubel, H. Schmid, Acta Crystallographica Section B: Structural Science 46

(1990) 698.
[3] J. Wang, H. Zheng, V. Nagarajan, B. Liu, S.B. Ogale, D. Viehland,

V. Venugopalan, D.G. Schlom, M. Wutting, R. Ramesh, J.B. Neaton,
U.V. Waghmare, N.A. Hill, K.M. Rabe, Science 299 (2003) 1719.

[4] J.F. Scott, Science 315 (2007) 954.
[5] C.F. Chung, J.-P. Lim, J.M. Wu, Applied Physics Letters 88 (2006) 242909.
[6] M. Kumar, K.L. Yadav, Applied Physics Letters 91 (2007) 242901.
[7] K. Jawahar, R.N.P Choudhary, Indian Journal of Engineering and Materials

Sciences 15 (2008).
[8] Z. Cheng, X. Wang, S. Dou, Physical Review B 77 (2008) 092101.
[9] J.W. Lin, Y.H. Tang, C.S. Lue, J.G. Lin, Applied Physics Letters 96 (2010) 232507.

[10] S. Mitra, S. Das, S. Basu, P. Sahu, K. Mandal, Journal of Magnetism and
Magnetic Materials 321 (2009) 2925–2931.

[11] D.H. Wang, W.C. Goh, M. Ning, C.K. Ong, Applied Physics Letters 88 (2006)
212907.

[12] Meiya Li, Min Ning, Yungui Ma, Qibin Wu, C.K. Ong, Journal of Physics D:
Applied Physics 40 (2007) 1603–1607.



[13] V.B. Naik, R. Mahendiran, Solid State Communications 149 (2009) 754–758.
[14] V.A. Khomchenko, M. Kopcewicz, A.M.L Lopes, Y.G. Pogorelov, J.P. Araujo,

J.M. Vieira, A.L. Kholkin, Journal of Physics D: Applied Physics 41 (2008)
102003.

[15] T. Ishidate, S. Abe, Physical Review Letters 78 (1997) 12.
[16] J.R. Sahu, C.N. Rao, Solid State Sciences 9 (2007) 952–953.
[17] W. Eerenstein, F.D. Morrison, J. Dho, M.G. Blamire, J.F. Scott, N.D. Mathur,

Science 307 (2005) 1203a.
[18] F. Huang, X. Lu, Weiwei Lin, X. Wu, Yi Kan, J. Zhu, Applied Physics Letters 89

(2006) 242914.
[19] J. Wang, A. Scholl, H. Zheng, S.B. Ogale, D. Viehland, D.G. Schlom, N.A. Spaldin,

K.M. Rabe, M. Wuttig, L. Mohaddes, J. Neaton, U. Waghmare, T. Zhao,
R. Ramesh, Science 307 (2005) 1203b.

[20] S.K. Pradhan, J. Das, P.P. Rout, S.K. Das, Journal of Magnetism and Magnetic
Materials 322 (2010) 3614–3622.
[21] N. Shamir, E. Gurewitz, H. Shaked, Acta Crystallographica Section A 34 (1978)
662.

[22] T. Kojima, T. Sakai, T. Watanabe, H. Fanakubo, K. Saito, M. Osada, Applied

Physics Letters 80 (2002) 2746.
[23] J.F. Scott, Journal of Physics: Condensed Matter 20 (2008) 021001.
[24] C.H. Yang, T.Y. Kao, Y.H. Jeong, Solid State Communications (2005)

299.
[25] Y.-K. Jun, W.-T. Moon, C.-M. Chang, H.-S. Kim, H.S. Ryu, J.W. Kim, K.H. Kim,

S.-H. Hong, Solid State Communications 135 (2005) 133–137.
[26] T. Kimura, S. Kawamoto, I. Yamada, M. Azuma, M. Takano, Y. Tokura, Physical

Review B 67 (2003) 180401(R).
[27] V.R. Palkar, Darshan C. Kundaliya, S.K. Malik, S. Bhattacharya, Physical

Review B 69 (2004) 212102.


	Magnetic, ferroelectric and magnetoelectric properties of Ba-doped BiFeO3
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgment
	References




