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Abstract
Bi1−x SmxFeO3 (x = 0.0–0.2) ceramic samples were prepared by mechanical activation assisted
solid-state-reaction synthesis. A stoichiometric mixture of Bi2O3, Sm2O3, and Fe2O3 powders
was mechanically milled and this was followed by heat treatment at 700 ◦C for 1 h. Room
temperature x-ray diffraction patterns confirmed the formation of perovskite structured
Bi1−x SmxFeO3 phase. Vibrating sample magnetometry measurements showed that to a certain
extent, Sm doping of BiFeO3 leads to increased magnetization and a sharp magnetic transition
at ∼380 ◦C. Mössbauer spectroscopy confirmed the presence of single-phase material for the
doped compositions whereas electron paramagnetic resonance analysis showed the effect of
doping on the variation in the degree of canting in the samples. At doping levels of 10 at.% Sm,
the improvement in the magnetic behaviour appears to arise from a combination of the
propensity of the samples to form pure phase material, partial destruction of spin cycloids,
increased canting of spins and interaction between magnetic ions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In general, multiferroics exhibit at least two of the four ferroic
properties: ferroelasticity, ferroelectricity, ferromagnetism
and (recently found) ferrotoroidicity [1–3]. BiFeO3 (BFO)
is a multiferroic material in which ferroelectricity and
antiferromagnetism coexist at room temperature [4, 5]. It
exhibits two types of long-range ordering: the G-type collinear
antiferromagnetic ordering below a Néel temperature (TN) of
643 K and the ferroelectric ordering below 1103 K [6, 7].
The compound has a distorted ABO3 perovskite structure
with the rhombohedral space group R3c [8, 9]. Bulk BFO
shows a spiral magnetic spin cycloid with a periodicity of
∼620 Å [10] and as a result no macroscopic magnetization is
measured [11]. However, canting of spins may lead to residual
magnetic moment [12]. To suppress the spiral structure, a

3 Author to whom any correspondence should be addressed.

few solutions have been proposed such as application of high
magnetic fields (Hc ∼ 20 T) [11], use of thin film samples
with a strong substrate induced anisotropy [13], substitution
of Bi ions by rare earth ions (e.g. Sm, Dy, La, Gd) [14]
or, in the form of solid solutions, with compounds such as
PbTiO3 and BaTiO3 [15, 16]. Among doped samples, previous
studies on A-site doping with Sm3+ and Pr3+, both isovalent
lanthanide ions, have been reported to result in an increased
remnant magnetization of BFO [17–19]. In addition, B-site
substitution (of Fe3+) by a variety of ions (e.g. Co, Mn, Nb
etc) is shown to result in improved magnetic behaviour of this
material [20–24]. In another study, A-site (Bi3+) substitution
by a non-magnetic ion such as Ba2+ in BFO has been shown
to enlarge the degree of distortion [25], which in turn leads to
spontaneous magnetization.

In this paper, we report detailed magnetic characterization
of Bi1−xSmx FeO3 (x = 0.0, 0.1, 0.2; named BFO,
BSFO-1, BSFO-2, respectively) ceramics prepared by a
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mechanical activation assisted method. In addition to
using structural characterization, we have used vibrating
sample magnetometry, Mössbauer spectroscopy and electron
paramagnetic resonance to achieve a detailed understanding
of the magnetic behaviour of these ceramics. Barring a
few reports [26, 27], not much work has been done on the
Mössbauer spectroscopy and electron paramagnetic resonance
of multiferroic ceramics.

2. Experimental details

Stoichiometric amounts of Bi2O3, Sm2O3 and Fe2O3 (purity
∼99.9%) were mixed and subsequently milled in a high energy
planetary ball mill using a balls to powder ratio of 1:1 for
a period of 100 h. The milled Bi1−x Smx FeO3 mixture was
further calcined at 700 ◦C for 1 h in air followed by furnace
cooling.

Phase identification was performed with an x-ray
diffractometer (Siefert, Model: ISO Bebyeflex 2002) using
Cu Kα radiation. Magnetic measurements were made using
a vibrating sample magnetometer (VSM; ADE Technologies,
USA, Model: EV-7VSM). The sensitivity of the instrument
is 10−6 emu. Mössbauer spectroscopy measurements were
performed by using 57Co as the radioactive source and a
standard constant acceleration spectrometer. The magnetic
resonance spectra were recorded with an EPR spectrometer
(Brucker EMX X-band). The samples were rolled into
cylindrical shapes by wrapping them in Teflon tapes. These
samples were stuffed into a 4 mm diameter quartz capillary.
The sample was placed at the centre of the resonant cavity
placed between pole caps of an electromagnet. The magnetic
field was scanned from 0–8000 G, while the resonance
frequency (9.79 GHz) of the sample cavity was locked. The
magnetic field was modulated at 100 kHz to detect the first
derivative of the magnetic resonance absorption signal of the
sample.

3. Results and discussion

3.1. X-ray diffraction

Figure 1 shows the x-ray diffraction (XRD) patterns of the
100 h mechanically activated and subsequently heat treated
Bi1−x SmxFeO3 samples. The featureless nature of the
uncalcined samples (the three patterns at the bottom) suggests
amorphization of the samples after 100 h of mechanical
milling of stoichiometric mixtures of Fe2O3, Bi2O3 and Sm2O3

powders. Mechanically activated samples were subsequently
subjected to heat treatment at various temperatures. Peak
matching with a standard BFO pattern suggested the formation
of perovskite structured Bi1−xSmx FeO3 phase at 700 ◦C. The
top three patterns in figure 1 show the XRD patterns of the
samples calcined at 700 ◦C for 1 h. The main peaks, marked by
asterisks (*), for the BFO sample match well with the standard
BFO peak positions with Cu Kα radiation (ICCD file No. 74-
2493). One may be tempted to assign some of the humps in
the background of the spectra to the formation of secondary
phases (such as one depicted by $) which cannot be ruled out

Figure 1. The room temperature XRD patterns of the Bi1−x Smx FeO3

compositions. ∗: BiFeO3 (JCPDS 86-1518); $: suspected impurity
phase.

from the XRD patterns alone. The phases that can form in
competition to pure BFO, as inferred from the phase diagram,
are Bi25FeO39 and Bi2Fe4O9 which have been well studied by
crystallographic and other techniques [28, 29]. However, as
shown in later sections, further measurements with Mössbauer
spectroscopy provide some more information on this. Apart
from this, Sm-doped samples also showed peak broadening,
although the peak positions remained the same. In solid-state-
reaction processed samples, BFO phase is normally formed at
temperatures above 825 ◦C [18]. The present work shows the
formation of this phase at 700 ◦C, much lower than the previous
reports, attributed to the increased defect density in the samples
due to mechanical milling prior to calcination and hence
enhancing the diffusibility of the species for phase formation.
Previous reports related to the synthesis of various perovskite
structures have also shown that mechanical activation assisted
solid-state-reaction process decreases the synthesis or phase
formation temperature and also overcomes the microstructural
problems [30–34].

3.2. Magnetization measurements

Figure 2 shows the room temperature magnetization (M)

versus applied field (H ) plots for all three samples with a
maximum applied field of 1.75 T. One can see from this figure
that the pure BFO sample possesses a very narrow hysteresis
loop with a very small but nonzero remnant magnetization
(Mr) of ∼8.56 × 10−4 emu g−1 and a coercive field (Hc)

of ∼64.5 Oe. In an ideal BFO structure the net observed
magnetization should be zero. Although the presence of the
space modulated spin structure cancels the nonzero remnant
magnetization (Mr) permitted by canted antiferromagnetic
ordering, a small magnetization is observed. A possibility
for the appearance of magnetization can be the presence of
magnetic impurities. However in the present case the value
of Mr is too small, showing that magnetic impurity phases
as well as distorted spins, if present, are very small. On the
other hand, BSFO-1 with x = 0.1 exhibits a much clearer
hysteresis loop with higher Mr of ∼3.46 × 10−2 emu g−1

and Hc of ∼3250.12 Oe (see the inset in figure 2). The
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Figure 2. Room temperature magnetization versus applied magnetic
field plots for Bi1−x Smx FeO3 samples. The inset shows a zoomed
part near the origin.

absolute value of Mr is still small but far above the sensitivity
limit of the instrument. The coercive field Hc is indeed large
and establishes beyond doubt loop opening on Sm doping.
This increase in magnetization at 10 at.% Sm doping can be
explained by the collapse of space modulated spin structure
(to some extent) on Sm doping leading to a long-range
canted antiferromagnetic order and possibly increased degree
of canting [35, 36]. Another possibility that one can think
of is again a magnetic impurity phase formation with 10% of
Sm substitution. However, as shown later, further EPR and
Mössbauer measurements do not support this. Upon further
increasing the doping to 20 at.% Sm (BSFO-2), we obtained a
rather narrower loop as compared to the BSFO-1 sample with
Mr of ∼5.527 × 10−3 emu g−1 and Hc of ∼535.52 Oe.

These observations suggest that while magnetization
initially increases with Sm doping up to 10 at.%, it decreases
on further increasing the Sm doping. The observed change
in magnetic behaviour on increasing the doping is believed
to happen due to further decrease in the extent of canting
of spin structure, allowing a more perfect antiferromagnetic
order. This aspect is further probed by electron paramagnetic
resonance as shown in subsequent sections.

One can also observe that the M–H curve for BSFO-
1 is not symmetric about the axes. As no such offset was
observed in the case of the other two samples, the possibility
of a residual field is remote. Such an offset can arise from
the exchange interaction at the interfaces of ferromagnetic–
antiferromagnetic components [37]. It is likely that the while
most of the sample remains largely antiferromagnetic, regions
in the Sm-doped BFO samples become weakly ferromagnetic
and their interaction results in this offset.

Figure 3 shows the temperature dependence of the
magnetization (M) of Bi1−xSmxFeO3 (x = 0.0, 0.1,
0.2) samples measured at 5 kOe. The plots show that
the magnetization of undoped BFO decreases continuously
with increase in the temperature, suggesting paramagnetic
behaviour of the specimen, which is in contrast to the expected
antiferromagnetic behaviour of the BFO samples. For the
antiferromagnetic BFO, the ordering temperature is 643 K
(370 ◦C). The absence of such a transition suggests that there
are paramagnetic impurity phases in the BFO sample which

Figure 3. Magnetization versus temperature plots of Bi1−x Smx FeO3

compositions.

could not be conclusively distinguished in the XRD results
above the background fluctuation. This component did show
up more clearly in Mössbauer spectroscopy as shown in later
sections. On the other hand, doped samples, BSFO-1 and
BSFO-2, show a magnetic transition at ∼370 ◦C, the same
as the value of the Néel temperature for antiferromagnetic
BiFeO3. The BSFO-1 sample with 10 at.% Sm not only
shows larger magnetization possibly for reasons explained
above, but also exhibits a rather sharp transition as compared
to the undoped sample at the known Néel temperature of pure
BFO. This observation gives further evidence that the increased
magnetization seen for BSFO-1 is not due to any impurity
magnetic phase formed, but is due to the changes in the spin
structure of the basic BFO configuration. The transition is
rather less prominent in the case of BSFO-2 (20 at.% Sm
doping) along with reduced magnetization, also suggested by
the M–H measurements. To further explore the possible
reasons for such behaviour, EPR and Mössbauer measurements
were done and the results are shown in the following sections.

3.3. EPR measurements

To achieve a better understanding of the above magnetic
behaviour, EPR measurements were carried out on the
three samples. The first-derivative magnetic resonance
absorption signals recorded at room temperature (RT) for
three compositions BFO, BSFO-1 and BSFO-2 are shown in
figures 4(a)–(c), respectively. The figures exhibit one intense
signal with asymmetric line shape for each composition. There
are three parameters which can be calculated from this figure
which can be related to the magnetic structure of a solid:
asymmetry parameter, Pasy; g-factor; and signal width �Bp−p.
The asymmetry parameter Pasy is defined as Pasy = (1 −
hU/hL) where hU is the height of the absorption peak above
the base line and hL is the height of the absorption peak below
the base line of the first derivative of the magnetic resonance
absorption signal. This parameter is an indication of the extent
of the anisotropy in the magnetic structure of the sample.
The g-factor is defined as g = hν/β B0 where h is Planck’s
constant, β is the Bohr magneton, ν is the resonance frequency
of the sample cavity and B0 is the centre of the resonance
absorption signal (the magnetic field where the baseline would
cut the first-derivative signal).
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Figure 4. The room temperature EPR spectra of Bi1−x Smx FeO3 for
(a) x = 0.0, (b) x = 0.1, (c) x = 0.2.

The centre of the EPR signal is represented in terms
of the g-factor [38] and it can provide information about
a paramagnetic centre’s electronic structure. �Bp−p is the
width of the signal defined as the separation between the
upper peak and the lower peak. Calculated values of these
parameters are shown in table 1. From table 1, it is seen
that Pasy first decreases upon Sm doping and then increases on
further Sm doping; similar behaviour is shown by the linewidth
parameter. The g-factor also changes upon doping, showing
a reverse trend. Due to the complex and heterogeneous
magnetic nature of the samples, quantitative line shape analysis
is difficult, but a qualitative explanation for the observations
may be presented. The large value of Pasy for the pure BFO
indicates a large magnetocrystalline anisotropy in the magnetic
interactions. This anisotropy reduces upon Sm3+ doping. A
fast magnetic exchange between magnetic moments of Sm3+
and Fe3+ would cause a narrowing of the linewidth as well as
a reduction in shape anisotropy. Upon further increase of the

Table 1. Parameters of electron paramagnetic resonance spectra
recorded at room temperature for various compositions of
Bi1−x Smx FeO3.

Sample g �g/g �Bp−p(G) Pasy

BFO (x = 0.0) 2.187 0.093 1200 0.33
BSFO-1 (x = 0.10) 2.226 0.113 300 0.10
BSFO-2 (x = 0.20) 2.106 0.053 600 0.50

Sm3+ concentration, the magnetic dipolar interaction may start
contributing to the linewidth resulting in a larger �Bp−p for the
sample BSFO-2.

The degree of canting of spins is related to the g-value
through the vector coefficient D whose magnitude is given
by D ≈ (�g/g)Jsuper where �g is deviation of g from the
value 2, i.e. (g − 2), and Jsuper is the superexchange interaction
coefficient. As a rough approximation, assuming Jsuper to be
constant for all samples, the value of D would be the largest for
BSFO-1 as seen from �g/g values in table 1. This supports the
VSM observations that the magnetic interactions are stronger
in BSFO-1 as compared to the other two samples and one
possible reason of the increased magnetization in BSFO-1 is
the increased spin canting in this sample. However the change
in magnetic characteristics between BSFO-1 and the other two
samples seems to be much more than what the difference in
value of D for these samples would indicate. It is likely
that there could be sources other than spin canting for the
enhanced magnetic character of the BSFO-1 sample. One
reason could be differences in value of Jsuper for the three
samples, depending upon the degree of exchange interaction.
In addition, possibly Sm–Sm or Sm–Fe interaction manifests
the magnetic structure in some way to give rise to the observed
differences. The cycloidal spin structure could be only partially
broken or broken only in parts of the sample which result
in—albeit with a low absolute value—an increased Mr for the
BSFO-1 sample.

3.4. Mössbauer spectroscopy

Figure 5 shows the Mössbauer spectra for BFO, BSFO-1 and
BSFO-2 compositions, and table 2 shows various parameters
extracted from these measurements. It is seen that while
BSFO-1 and BSFO-2 samples show the presence of a single
magnetically ordered phase, i.e. Sm-doped BFO characterized
by a hyperfine magnetic field (Bhf) of ∼49 T, undoped BFO
shows the presence of two other doublets which arise from
a phase or phases which do not appear to be magnetically
ordered. The total absorption area of the doublets is about 50%.
The Mössbauer parameters of these doublets match closely
with those of Bi2Fe4O9 [29]. This compound consists of Fe3+
ions distributed almost equally in approximately octahedral
and tetrahedral coordinations and the two doublets in the
Mössbauer spectra correspond to these two environments. The
two doublets in pure Bi2Fe4O9 have quadruple splits of 0.84
and 0.42 mm s−1 [29, 39], close to what we have observed.
While the spectrum of the undoped BFO sample shows a
clear doublet structure corresponding to the impurity Bi2Fe4O9

phase, the spectra for BSFO-1 and BSFO-2 do not show any
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Table 2. Hyperfine parameters obtained from Mössbauer spectra; δ—isomer shift, �EQ—quadrupole splitting, �—linewidth, Bhf—magnetic
hyperfine field, A—subspectral area.

Sample δ (mm s−1) �EQ (mm s−1) � (mm s−1) Bhf (T) A (%)

BFO (x = 0.0) 0.12 0.79 0.27 — 26
0.41 0.56 0.26 — 23
0.38 0.09 0.46 49.3 51

BSFO-1 (x = 0.10) 0.39 −0.02 0.38 49.5 100
BSFO-2 (x = 0.20) 0.38 −0.06 0.42 49.1 100

Figure 5. Mössbauer spectra of Bi1−x Smx FeO3 for (a) x = 0.0,
(b) x = 0.1, (c) x = 0.2.

such component. The same synthesis procedure with 10 at.%
and 20 at.% Sm gives a perfect single sextet showing that
only Sm-doped perovskite structured BFO phase is formed.
This supports our assertion that the increased magnetization
in BSFO-1 is due not to impurity phase but to the change in
magnetic interaction caused by Sm substitution in the BFO

lattice. Mössbauer results for undoped BFO are in contrast
to the XRD results where secondary phases are not clearly
observed, especially for the undoped BFO sample, and their
relative abundances could not be ascertained for these samples.
This also highlights the importance of Mössbauer spectroscopy
in unravelling the phases at atomic resolution.

4. Conclusions

Bi1−x SmxFeO3 ceramic samples were synthesized at relatively
low calcination temperatures by a mechanical activation
assisted solid-state-reaction method. While undoped samples
show negligible remnant magnetization, the samples doped
with Sm at x = 0.1 show significantly higher remnant
magnetization and coercive field as well as a sharp magnetic
transition at ∼370 ◦C, which is the same as the characteristic
Néel temperature of pure antiferromagnetic BFO. Increase
in the doping level to x = 0.2 leads to a drop in the
magnetization although a magnetic transition is still observed.
Mössbauer spectroscopy confirms the single-phase nature of
Sm-doped samples whilst the presence of secondary phases is
confirmed in the case of the undoped sample. The increase
in the magnetization is accompanied by an increased degree
of spin canting as suggested by the narrowing of the line in
the EPR spectra for x = 0.1, which further increases the
line broadening (i.e. decreased spin canting) at x = 0.2. The
improvement in the magnetic properties at x = 0.1 are likely
to be caused by a combination of factors such as the propensity
of the sample towards pure perovskite phase formation, partial
destruction of spin cycloids, increased degree of canting and
magnetic interactions between magnetic ions, namely Fe and
Sm.
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