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a b s t r a c t

The effect of Sr-doping on ferroelectricity and ferromagnetism at room temperature has been studied for
Bi0.8La0.2Fe0.9Mn0.1O3 ceramic system. X-ray diffraction shows that a structural phase transition occurs
from rhombohedral structure of BiFeO3 (space group R3c) to orthorhombic structure of Bi0.8La0.2FeO3
(space group C222). Substitutions of Sr-ions in Bi-site and Mn-ions in Fe-site do not induce any further
structural change. Moreover, doping of Sr-ions plays a crucial role to obtain single phased samples. DTA
and TGA studies show that both themagnetic transition temperature (TM ) and the ferroelectric transition
temperature (TC ) decrease for Bi0.7Sr0.1La0.2Fe0.9Mn0.1O3. Sr-doping enhances the ferroelectric property
by increasing the electric polarization. M–H measurement shows that Sr-ions partially destroy the spin
cycloidal structure in it giving rise to weak ferromagnetism (nonlinearity) at room temperature.
1. Introduction

Multiferroics is a rare class of multifunctional materials
with coupled electric, magnetic, and structural order param-
eters that yield simultaneous effects of (anti)ferroelectricity,
(anti)ferromagnetism, and ferroelasticity in the same material.
These materials have received tremendous attention in recent
years for basic science as well as its technological importance [1–
10]. Such materials with strong magneto-electric (ME) effect (ap-
pearance of an electric polarization P upon applying a magnetic
field H and/or the appearance of a magnetization M upon apply-
ing an electric field E) at room temperature could enable many de-
vices. But multiferroic materials are scarce and almost all of them
are antiferromagnet (AFM) or weak ferromagnets (FM) with low
transition temperatures [2–5]. This apparent incompatibility can
be overcome in BiFeO3 (BFO) which is still the only established
multiferroic above room temperature. The crystal structure of the
polar phase of BiFeO3 is described within the rhombohedral space
group R3c . It allows antiphase octahedral tilting and ionic displace-
ments from the centrosymmetric positions along the [111]C di-
rection of the parent cubic perovskite cell (and along the [001]H
axis in the hexagonal setting). Ferroelectricity and magnetism are
involved with off-center structural distortions and with the local
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spins respectively. Though the R3c symmetry permits the exis-
tence of weak ferromagnetic moment [11] originating from the
Dzyaloshinsky–Moryia interaction [12,13], a cycloid-type spatial
spin modulation with the periodicity of ∼620 Å and incommen-
surate with the crystallographic lattice parameters superimposed
onto G-type antiferromagnetic spin ordering [14] prevents the ob-
servation of any net magnetization and the linear magnetoelec-
tric (ME) effect. This AFM structure of BiFeO3 limits its potential
for applications. However, when this cycloidal modulation is de-
stroyed/suppressed, for instance by applying high magnetic field,
chemical substitutions or epitaxial strain etc., a linear magneto-
electric effect occurs. Recently, considerable effort has been made
to get both strong ferroelectric (FE) and ferromagnetic (FM) po-
larization and/or a large ME effect at room temperature through
A-site and/or B-site doping in BFO [15–20]. Investigations show
that A-site substitution in BiFeO3 can change the anisotropy con-
stant to an extent that the presence of a spatially modulated spin
structure is energetically unfavorable. Direct evidence of cycloid
suppression in La-substituted samples was given via nuclear mag-
netic resonance measurements [15] which showed that the mod-
ulated structure disappears at x ∼ 0.2, and its destruction is
correlated with the structural transition from the rhombohedral
(R3c) to an orthorhombic (C222) structure [19,20]. This structural
phase transition destructs the spin cycloid, enhances the magnetic
properties by releasing a lockedmagnetization and results a signif-
icant improvement in ME interaction.

In spite of the numerous investigations performed for
Bi1−xLaxFeO3 multiferroic compounds in recent years, no clear
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understanding is achieved for what is going on with the crys-
tal structure, ferroelectric and magnetic properties of the solid
solutions upon A-site substitution [18–24]. Moreover, a number
of papers clearly confirm the fact that increasing the concen-
tration of the substituting element tends to weaken the stere-
ochemical activity of the Bi3+ lone pair electron, leading to a
ferroelectric–paraelectric transition at x ∼ 0.25 (in case of La
substitution). Hence, when taking into account the conclusions of
various results related to the concentrational range in which spon-
taneous ferroelectricity coexistswithweak ferromagnetism is very
narrow.

Again, manganese is a particularly interesting element for sub-
stitution, because it readily adopts the mixed-valence oxidation
states ofMn3+ andMn4+ in perovskites and for the reports [24–28]
of enhanced multiferroic properties in BiFe1−xMnxO3 for x ≤ 0.3.
Moreover, it does not alter the crystallographic structure. Thus, the
multiferroic properties can be tailored by the manganese content
x ≤ 0.3 in the ambient condition. Therefore, reviewing the above
mentioned literatures, to get strong FM effect (by destroying the
spin cycloid structure and by introducing the mixed-valence oxi-
dation states) and stronger FE properties, in thisworkwehave syn-
thesized and studied the effect of Sr+2-ion doping in multiferroic
Bi0.8−xSrxLa0.2Fe0.9Mn0.1O3 (x = 0, 0.1) system.

2. Experiment

A system of Bi0.8−xSrxLa0.2Fe0.9Mn0.1O3 (x = 0, 0.1) i.e., Bi0.8
La0.2Fe0.9Mn0.1O3, and Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 samples were
prepared by solid state reaction. Bi0.8La0.2FeO3 and Bi0.7La0.2Sr0.1
FeO3 also prepared by the same method. Stoichiometric amounts
of Bi2O3, Fe2O3, La2O3, SrCO3 and MnO2 were mixed with a mor-
tar and pestle for about 1 h and were calcined in a programmable
furnace at 860 °C for 2 h. Sintering of the pellets (∼1 mm thick)
was done at 860 °C for 2 h. For all four samples, X-ray pow-
der diffraction (XRD) measurements were carried out with Cu Kα
radiation using a Rigaku (MiniFlex II DEXTOP) powder diffrac-
tometer for phase identification. For Bi0.8La0.2Fe0.9Mn0.1O3 and
Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 samples differential thermal analysis
(DTA) and thermogravimetric analysis (TGA)were carried outwith
a Mateller DTA–TGA to determine magnetic and ferroelectric tran-
sition temperatures TM and TC , respectively. Magnetic measure-
ments were done using a MPMS SQUID magnetometer (Quantum
Design, USA). Room temperature measurements for the polariza-
tion with the variation of applied electric field (P–E) at different
frequencies were carried out with ferroelectric loop tracer (Radi-
ant Technology Inc, USA).

3. Results and discussion

It is well known that BiFeO3 crystallizes in the rhombohedrally
distorted perovskite structure (R3c) at room temperature with
many secondary phases. In Fig. 1, X-ray diffraction shows that due
to 20% substitution of La-ions, the doubly split peaks of BiFeO3 at
2θ ∼ 32°, 2θ ∼ 39° and 2θ ∼ 51°merge into a broadened peak for
Bi0.8La0.2FeO3. This suggests that a structural phase transformation
R3c → C222 of crystal structure occurs in Bi0.8La0.2FeO3. These
observations agree quite well with those already published [19,
20]. After this, 10% doping of Mn-ions in Fe-site of Bi0.8La0.2FeO3
(i.e., Bi0.8La0.2Fe0.9Mn0.1O3), no phase transformation occurs. For
Bi0.8La0.2FeO3 (inset of Fig. 1) and Bi0.8La0.2Fe0.9Mn0.1O3 all the
diffraction peaks are well identified, except one low intensity peak
at 2θ ∼ 28° which is identified as non-perovskite Bi2Fe4O9.
Upon Sr-substitution at the Bi site, the impurity phase has been
eliminated in both the cases. There is no impurity peak for
Bi0.7La0.2Sr0.1FeO3 (inset of Fig. 1) and Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3
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Fig. 1. X-ray diffraction pattern of Bi0.8La0.2Fe0.9Mn0.1O3 and Bi0.7La0.2Sr0.1Fe0.9
Mn0.1O3 samples. Inset shows X-ray diffraction pattern of Bi0.8La0.2FeO3 and
Bi0.7La0.2Sr0.1FeO3 . In both the cases the impurity peak at 2θ ∼ 28° disappears
due to Sr-doping.
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Fig. 2. Differential thermal analysis (DTA) and thermogravimetric analysis (TGA)
for Bi0.8La0.2Fe0.9Mn0.1O3 and Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 .in (a) lower temperature
region and (b) higher temperature region. Inset of 2(b) shows the transition point
clearly.

(see Fig. 1). Thus, this study confirms that doping with Sr-ions
hinders the formation of the secondary phase in BiFeO3.

Fig. 2 shows the results of DTA–TGA measurements on
Bi0.8La0.2Fe0.9Mn0.1O3 and Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 samples. In
Fig. 2(a) the TGA study shows that there is no appreciable weight
loss in the concerned temperature range. DTAmeasurements show



a

b

Fig. 3. Variation of electric polarization (P) with applied electric field (E) at differ-
ent frequencies for (a) Bi0.8La0.2Fe0.9Mn0.1O3 and (b) Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 .

two phase transitions viz. one in the lower temperature range
(corresponds to magnetic transition temperature (TM )) as shown
in Fig. 2(a) and other in the higher temperature range (corresponds
to ferroelectric transition (TC )) as shown in Fig. 2(b). From Fig. 2(a),
it is clear that TM decreases from 370 °C for BiFeO3 to 258 °C for
Bi0.8La0.2Fe0.9Mn0.1O3, due to codoping of La and Mn. This result
is consistent with the published results [16,29]. Furthermore, TM
decreases from 258 °C for Bi0.8La0.2Fe0.9Mn0.1O3 to 250 °C for
Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 due to Sr-doping. On the other hand,
in Fig. 2(b) the ferroelectric transition temperature, TC decreases
from 830 °C for BiFeO3 to 710 °C for Bi0.8La0.2Fe0.9Mn0.1O3, due
to codoping of La and Mn. Furthermore, TC decreases from 710 °C
of Bi0.8La0.2Fe0.9Mn0.1O3 to 680 °C for Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3
due to Sr-doping. The transition temperature has been taken as
the point where the slope changes, as shown clearly in the inset
of Fig. 2(b).

Fig. 3(a) and (b) show the variation of polarization (P) of Bi0.8
La0.2Fe0.9Mn0.1O3 and Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 samples with the
variation of applied electric field (E) for different frequencies at
room temperature. The polarization does not show any saturation
which is due to the leakage. This kind of P(E) behavior of BiFeO3
and La doped BiFeO3 has already been reported [19,30]. Moreover,
from the frequency dependent P–E measurements (at 2, 1 and
0.66 kHz), it has been found that with increasing frequency,
width of the P–E loops decreases which confirms the ferroelectric
behavior of the materials [31]. On the other hand, it is also evident
that for a particular applied field and frequency the polarization
has been increased ∼2.5 times more in Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3
Fig. 4. Variation of magnetization (M) with magnetic field (H) (−5 T to +5 T) of
Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 shows weak ferromagnetism (nonlinearity).

as compared to Bi0.8La0.2Fe0.9Mn0.1O3 sample. Therefore, the
polarization has been enhanced appreciably due to Sr-doping.

Results of the magnetic measurements (M–H) at room tem-
perature for Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 ceramic samples are pre-
sented in Fig. 4. BiFeO3 is known as an antiferromagnet with a
G-type magnetic structure having a residual magnetic moment
due to a canted spin structure [32] and hence magnetoelectric
(ME) effects cannot be observed in pure BiFeO3 due to the space-
modulated spin structures. However, as shown in Fig. 4, in our
Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3 ceramic sample a significant enhance-
ment of the nonlinearity in magnetization (weak ferromagnetism)
has been observed. It is worth mentioning that even La doping
in BiFeO3 does not induce any nonlinearity in the M(H) behav-
ior [24]. Again, very recently it has been reported that M(H) for
BiFe0.75Mn0.25O3, shows a weak ferromagnetic nature only when
synthesized in high pressure while no existence of nonlinearity
is observed in M–H measurement when synthesized in ambient
pressure [33]. Therefore, it may be quite natural to think that
Bi0.8La0.2Fe0.9Mn0.1O3 prepared in ambient pressure will not show
any nonlinearity in M(H). But when Sr is doped in the present in-
vestigation the signature of nonlinearity (weak ferrimagnetism)
is observed in Bi0.7La0.2Sr0.1Fe0.9Mn0.1O3. This result can be at-
tributed to the fact that Sr-doping releases the latent magnetiza-
tion locked within this structure and induces the ferri-magnetism.
It also lead us to predict that Sr-doping may destroy or suppress
the cycloid spin structure, which deserves further study.

4. Conclusions

Bi0.8−xSrxLa0.2Fe0.9Mn0.1O3 (x = 0, 0.1) ceramics have been
synthesized by a conventional solid state method. Both the
compounds are of orthorhombic structure and there is no phase
transition observed due to the Sr-doping. The impurity phase
is eliminated and a single phase sample is achieved by Sr-
doping. Both the TM and the TC move towards the lower
temperatures which are still well above room temperature (a
key requisite for device applications). The ferroelectric property
has been enhanced by increasing the electric polarization due to
Sr-doping in the system. Doping of Sr in Bi-site induces weak
ferromagnetic property (nonlinear behavior in M–H loop) by
destroying (suppressing) the spin cycloid structure and releasing
the locked magnetization.
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