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Abstract

We report the origin of room temperature weak ferromagnetic behavior of polycrystalline Pb(Fe2/3W1/3)O3 (PFW) powder. The structure and
magnetic properties of the ceramic powder prepared by a Columbite method were characterized by X-ray and neutron diffraction, Mössbauer
spectroscopy and magnetization measurements. Rietveld analysis of diffraction data confirm the formation of single phase PFW, without traces of
any parasitic pyrochlore phase. PFW was found to crystallize in the cubic structure at room temperature. The Rietveld refinement of neutron
diffraction data measured at room temperature confirmed the G-type antiferromagnetic structure of PFW in our sample. However, along with the
antiferromagnetic (AFM) ordering of the Fe spins, we have observed the existence of weak ferromagnetism at room temperature through: (i) a clear
opening of hysteresis (M–H) loop, (ii) bifurcation of the field cooled and zero-field cooled susceptibility; supported by Mössbauer spectroscopy
results. The P–E loop measurements showed a non-linear slim hysteresis loop at room temperature due to the electronic conduction through the local
inhomogeneities in the PFW crystallites and the inter-particle regions. By corroborating all the magnetic measurements, especially the spin glass
nature of the sample, with the conduction behavior of the sample, we report here that the observed ferromagnetism originates at these local
inhomogeneous regions in the sample, where the Fe-spins are not perfectly aligned antiferromagnetically due to the compositional disordering.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Magnetoelectric (M-E) – multiferroic materials possessing
both ferroelectric and magnetic properties together in a single-
phase compound are of tremendous interest not only for
practical applications but also for fundamental understanding
of the underlying physics of spintronic materials [1–4]. The
intrinsic property of these materials is that they couple the
electric polarization with the magnetization which allows an
additional degree of freedom in the design of conventional
multifunctional devices [5,6]. A range of new materials and
device applications are possible taking advantage of these
10.1016/j.ceramint.2015.05.131
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unique material characteristics [1–8]. Materials showing multi-
ferroic properties at room temperature have additional advan-
tage since they are the most preferred materials for device
applications. Among all the (near-) room temperature multi-
ferroic compounds discovered so far, Pb(Fe2/3W1/3)O3 (PFW)
has the unique properties of having a high degree of order
parameter and practically viable magnetic (paramagnetic-to-
antiferromagnetic) ordering at TN �350–380 K; with para-
electric to ferroelectric phase transition temperature (TC)
�150–200 K [9]. Recently, M–E coupling between the ferro-
electric and antiferromagnetic orders in PFW (and related
materials) was observed through an anomaly in the lattice
parameters variation [9], variation of dielectric constant at TN
[10] and through a change in the dielectric constant induced by
an external magnetic field [10].
eak-ferromagnetism in antiferromagnetic Pb(Fe2/3W1/3)O3 ceramic, Ceramics
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Fig. 1. (a) X-Ray diffraction pattern and (b) neutron diffraction pattern of
sintered Pb(Fe2/3W1/3)O3 sample. The observed data points are shown by (red)
circles, whereas the continuous lines passing through the data points is the
calculated profile. The (blue) line at the bottom of the figure indicates the
difference between observed and calculated profiles. Bragg positions are
marked by the vertical (green) lines. In (b), first row marked with ‘N’
represents nuclear (crystallographic) Bragg peak positions and the second row
marked with ‘M’ represents magnetic Bragg peak positions. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

S. Matteppanavar et al. / Ceramics International ] (]]]]) ]]]–]]]2
In spite of these above qualities, limited progress has been
made in the applications of PFW during the last several
decades due to the following inherent limitations. The synth-
esis of single phase PFW with perovskite phase had been very
difficult through the conventional solid-state reaction methods
due to the formation of unwanted phases (for example PbWO4

and Pb2W2O7 pyrochlore). M–E coupling in known single-
phase compounds is too weak to be used for practical
applications and there were only a few compounds (TbMnO3

and RMn2O5 (R¼Tb, Dy, Ho)) exhibiting magnetoelectric
coupling. The ferroelectric and magnetic property of PFW has
been already the focus of a number of earlier studies [4,9–12].
For M–E device applications the existence of ferromagnetism
is more desirable than antiferromagnetism. Imposing the
desired ferromagnetism (along with the existing antiferromag-
netic structure of PFW) at the ferroelectric transition tempera-
ture (o200 K) remains a challenge. Fraygola et al. [13], Ye
et al. [4] and Ivanov et al. [9] have observed weak ferromag-
netic behavior in their PFW ceramic without clearly discussing
about its origin in detail.

In this work, we have synthesized single-phase PFW
ceramic powder by the Columbite method and characterized
its room temperature crystal and antiferromagnetic structure
using neutron diffraction (ND). To assess the weak ferromag-
netism at room temperature, we have performed magnetization
measurements, Mössbauer spectroscopy and polarization (P–E
loop) measurements for the PFW ceramic at room temperature.
Furthermore, we report the origin of this weak ferromagnetic
behavior at room temperature in PFW.

2. Experimental details

PFW has been prepared by the Columbite (solid-state
reaction) method [11] using high-purity (�99.9%) starting
materials: PbO (SD Fine Chem. Lab.), Fe2O3 (Fluka) and WO3

(SD Fine Chem. Lab.). Detailed synthesis method of PFW is
reported elsewhere [12]. In brief, Fe2O3 and WO3 were taken
in stoichiometric quantities and ground in agate pestle and
mortar in ethanol medium for �2 h. The dried Fe2WO6

(Columbite) powder was calcined at 1000 1C for 4 h. After
calcination, the Fe2WO6 powder was ground again and mixed
in stoichiometric quantity with PbO and calcined at 900 1C for
2 h. After this second calcination stage, the obtained PFW
powder was ground again by adding polyvinyl alcohol (PVA).
Pellets of 10 mm (or, 5 mm) in diameter and 2–3 mm thickness
were uniaxially cold pressed using 50 kN pressure using a
hydraulic press. The pellets were sintered at 850 1C for 90 min
in a closed Pb rich environment to minimize the PbO
evaporation.

The sintered ceramic powder were characterized by X-ray
diffraction (XRD; Phillips 1070) using Cu-Kα radiation
(wavelength, λ¼1.5406 Å), to obtain the crystal structure.
Fig. 1(a) shows XRD pattern of the PFW ceramic sample.
Neutron diffraction measurements (Fig. 1(b)) were carried out
on a focusing crystal based powder diffractometer, available at
UGC-DAE-CSR beam line in Dhruva reactor, BARC. Neu-
trons at wavelength 1.48 Å were used for the present study.
Please cite this article as: S. Matteppanavar, et al., Origin of room temperature w
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Rietveld analysis were carried out on powder XRD and ND
data using the Fullprof suite programs for crystallographic as
well as for magnetic structure studies [14]. The obtained
crystallographic and magnetic structures are shown in
Fig. 2(a) and (b).
Magnetization studies were carried out on a vibrating

sample magnetometer (VSM) attached to a physical property
measurement system (Quantum Design PPMS). Fig. 3 shows
the M–H loop of our PFW sample measured at room
temperature up to an applied field of 90 kOe. Fig. 4 shows
the zero field cooled (ZFC) and field cooled (FC) variation of
magnetic susceptibility (χ¼M/H) with temperature for the
PFW sample, measured in a field of 500 Oe.

57Fe Mössbauer spectroscopy is one of the most efficient
tools to investigate the local magnetic ordering, behavior and
oxidation state of the iron atoms in the matrix. Transmission
Mössbauer spectrum was measured at room temperature by
using a 57Co source (Rh – matrix, �15 mCi) mounted on a
constant acceleration Mössbauer drive from SEE Co., USA
and a proportional counter. The room temperature Mössbauer
spectrum for PFW sample is shown in Fig. 5. The spectrum is
a Zeeman split six line pattern, where the black dots represent
eak-ferromagnetism in antiferromagnetic Pb(Fe2/3W1/3)O3 ceramic, Ceramics
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Fig. 2. (a) Crystal structure of Pb(Fe2/3W1/3)O3. The lead atoms are located at
the edges of the unit cell. Polyhedron is drawn around the iron / tungsten
atoms. Oxygen atoms are shown in red (at the edges of the polyhedra).
(b) Magnetic structure of Pb(Fe2/3W1/3)O3. Only the moment on iron is shown
as arrows. The alternative arrangement of arrows indicates the antiferromag-
netic arrangement of magnetic ions, giving rise to the antiferromagnetic
ordering at room temperature in PFW. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. Magnetization of Pb(Fe2/3W1/3)O3 measured as a function of varying
magnetic field at 300 K. Inset shows the enlargement (around the origin) view
for clarity.

Fig. 4. Temperature dependent molar susceptibility (ZFC and FC) for
Pb(Fe2/3W1/3)O3 at 500 Oe. Inset shows the molar susceptibility around the
antiferromagnetic transition temperature TN E350 K. Shaded region shows the
2nd magnetic phase transition (blocking temperature) for the spin-glass
behavior.

Fig. 5. Room temperature Mössbauer spectrum of Pb(Fe2/3W1/3)O3 sample.
The figure at the right hand side shows the hyperfine field distribution, P(Bhf).
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the experimentally recorded data points and the solid line is the
least square fit to the measured data. The spectrum recording
time was about one week, but still the signal/noise ratio of the
spectrum is low due to the electronic absorption of Pb and W.
For the least – squares fitting of the Mössbauer spectrum we
used the computer program NORMOS written by Brand [15].
Please cite this article as: S. Matteppanavar, et al., Origin of room temperature weak-ferromagnetism in antiferromagnetic Pb(Fe2/3W1/3)O3 ceramic, Ceramics
International (2015), http://dx.doi.org/10.1016/j.ceramint.2015.05.131
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The ferroelectric (P–E) loop measurements were carried out at
room temperature by ferroelectric loop (P–E) tracer (M/s
Radiant Instruments, USA). Thin silver paste is applied on
both sides (top and bottom) of the PFW ceramic pellet as the
electrodes. For room temperature, P–E measurements, the
samples were immersed in silicone oil to prevent the electric
arcing, if any, at high applied voltages.

3. Results and discussion

3.1. Crystal structure: XRD and ND

The structural parameters for the prepared sample were
obtained from the Rietveld refinement of the XRD data
(Fig. 1(a)). The analysis confirms that the sample forms in
single phase cubic structure (Pm-3m space group), with no
secondary parasitic phases like PbWO4 or Pb2W2O7 etc. [12].
This suggests that the low temperature calcination and sinter-
ing proved to be effective in achieving the single phase
without any impurity phases. Good agreement was found
between observed and calculated profiles for XRD data.

Fig. 1(b) shows Rietveld refined room temperature ND
pattern, which further confirms the cubic structure (Pm-3m
space group) of the PFW sample. While refining for the
crystallographic (nuclear) structure, thermal parameters and
occupancies were also refined along with the cell parameters to
obtain a reasonable agreement between observed and the
calculated profiles. The structural model used in refining the
powder XRD data was taken as starting model for the
refinement of the ND data. The refined cell parameter from
the analysis of room temperature ND data is a¼3.9776(4) Å,
which is in good agreement with the XRD result (a¼3.9812
(4) Å). The obtained R-factors (Rp¼4.87 %; Rwp¼6.72 %;
Rexp¼2.84 %; χ2¼5.60, Bragg R-factor¼3.65, Rf-
factor¼2.25) are also found to be reasonably good [9]. The
structure of PFW can be described as follows: the lead ion is
placed at the origin of the cell, at Wyckoff position, 1a i.e., (0,
0, 0). The transition metal ions, Fe and W are distributed
randomly on crystallographic position given by the Wyckoff
notation, 1b, i.e., (½, ½, ½), which is placed half-cell apart
from Pb. Oxygen is placed between Pb and Fe/W, and forms a
common face between Pb and Fe/W at Wyckoff site, 3c i.e.,
(½, ½, 0). Fig. 2(a) shows the crystallographic structure of
PFW drawn based on the refinement results of room tempera-
ture ND data.

The room temperature ND pattern (Fig. 1(b)) clearly shows
extra Bragg peaks around 2θ (or Q�1) of 18.52o (1.36 Å�1);
35.89o (2.61 Å�1) and 47.77o (3.43 Å�1). All these peaks
could be identified as magnetic peaks and were indexed using
a single propagation vector k¼ (½, ½, ½). For refinement,
symmetry elements and basis vectors of the irreducible
representations were obtained using BasIreps program within
the Fullprof suite [16]. The magnetic phase was added as the
second phase, and the refinement was carried out assuming Fe
as the only magnetic ion in PFW. A successful magnetic
structure obtained was a G-type antiferromagnetic structure.
The value of the magnetic moment per Fe ion at 295 K is
Please cite this article as: S. Matteppanavar, et al., Origin of room temperature w
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5.5 μB which is slightly lower than the calculated spin only
value of 5.9 μB per Fe. The obtained R-factor for the magnetic
phase (magnetic R-factor) is 23.0.
Fig. 2(b) shows the arrangement of magnetic moment

(spins) in the magnetic structure of PFW as obtained from
the Rietveld refinement of the ND pattern. The Fe3þ moments
are arranged in a simple G-type structure as shown by arrows
in Fig. 2(b). One Fe 3þ spin is surrounded by six anti-parallel
spins on the nearest neighbor Fe 3þ ions.

3.2. Magnetization studies

PFW is a G-type antiferromagnetic material, whose magne-
tization behavior has been widely studied [4,9]. From the M–H
loop of our PFW sample in Fig. 3, it can be observed that the
magnetization displays a small hysteresis only in the low-field
region. The appreciable opening of the hysteresis loop reveals
the presence of weak ferromagnetism in our sample with a
coercive field (Hc) value of 1.34 kOe. The inset in Fig. 3
shows the zoomed in view of the M–H loop around the origin
for clarity. The saturated magnetization (Ms) and remnant
magnetization (Mr) were estimated to be 0.24 emu/g and
0.16 emu/g, respectively. For higher applied magnetic fields,
the magnetization increases linearly. This paramagnetic-like
linear increase of the magnetization at the high field region can
be assigned to the weakening of the super-exchange interaction
of Fe3þ–O–W–O–Fe3þ , caused by the local disorder/short-
range order of the Fe atoms at the B site.
The ZFC curve in Fig. 4 shows that χ increases mono-

tonically on decreasing temperature from 400 K to �350 K;
and it exhibits a clear cusp around 350 K (TN1) before
increasing further down to a temperature of �5 K. The cusp
at �350 K corresponds to the paramagnetic (PM) to anti-
ferromagnetic (AFM) phase transition. This agrees well with
reported TN value of 340–380 K [9]. This lower value of the
TN can be attributed to the fluctuations in the local ordering of
Fe and W ions. The increase in the value of χ starting from
400 K down to 5 K can be attributed to a modified-exchange
interaction of Fe3þ–O–Fe3þ in the disordered regions of the
PFW sample. Furthermore, the formation of the disordered
regions might be due to the synthesis methods adopted, where
the grain growth occurs with lattice strain/stress in the material
which affects the TN. However, it can be noticed that χ exhibits
another cusp around 10 K (TN2) before falling rapidly as
temperature approaches 5 K. Our susceptibility data are in
good agreement with the earlier reported results [4,9].
This magnetic anomaly at lower temperatures (around TN2,

10 K) and the pronounced splitting in ZFC and FC curves
observed below 380 K can be understood by considering the
existing spin glass nature in the sample due to the composi-
tional disorder. This can also be the origin of weak ferromag-
netic ordering in the PFW ceramic. In our recent work [17] and
the work by Chillal et al. [18], it is reported that for
Pb(Fe1/2Nb1/2)O3 (a similar system like the present system
(PFW)), two types of magnetic order emerge independently:
(i) infinite-range percolation cluster (antiferromagnetic order)
and (ii) (Fe3þ ions unblocked) super-antiferromagnetic Fe3þ
eak-ferromagnetism in antiferromagnetic Pb(Fe2/3W1/3)O3 ceramic, Ceramics
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Fig. 6. Room temperature P–E loops measured at different frequencies.
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clusters. The coexistence of both of the above systems leads to
a single homogenous phase, with the magnetic moments
arranged in a speromagnetic-like or spin-glass-like fashion.
We expect a similar magnetic ordering is present in our PFW
sample too. This speromagnetic-like behavior is responsible
for the existing weak ferromagnetic ordering at room tempera-
ture in our sample. Furthermore, the decrease in χ in the ZFC
curves could be a result of the super-antiferromagnetic block-
ing of the local super-paramagnetic-like clusters present in the
sample, confirming the presence of magnetic clusters in the
sample having spin glass nature.

One may expect a magnetic anomaly at �150 K, the
ferroelectric ordering temperature (TC) of PFW. However,
we have not observed any anomaly in magnetization. Further-
more, the bifurcation in ZFC and FC curves seen in the entire
temperature range of measurement (Fig. 4) indicates presence
of some ferromagnetic interactions in this system well above
TN and TC. Hence, both the types of magnetic ordering
(antiferromagnetic and spin-glass like) might be therefore
taking place independently of the ferroelectric ordering in
PFW. The Mössbauer results (see Section 3.3) further supports
the presence of these two types of magnetic clustering due to
compositional disorder. This kind of magnetic interaction is
common in complex structured lead based systems, where the
B site is occupied by a magnetic and a non-magnetic cation.
According to earlier reports, compounds with good composi-
tional ordering, such as Pb(Co1/2W1/2)O3, shows a single
magnetic ordering temperature (TN) at 8 K [19]. However,
for Pb(Fe1/2Nb1/2)O3 [20,21] and Pb(Fe1/2Ta1/2)O3 [20,22,23],
where a complete compositional ordering could not be
achieved, showed two magnetic phase transition temperatures
(TN1 �161 K and TN2�9 K for Pb(Fe1/2Nb1/2)O3 and, TN1
�143 K and TN2 �9 K for Pb(Fe1/2Ta1/2)O3), suggesting the
presence of disordered and ordered nanostructure.

3.3. Mössbauer spectroscopic studies

The Mössbauer spectrum (Fig. 5) of the PFW sample
measured at room temperature was fit with a distribution of
magnetic hyperfine fields, P(Bhf). The hyperfine field distribu-
tion is shown in the right hand side of Fig. 5. The obtained
average isomer shift (IS) of 0.33670.005 mm/s, quadruple
splitting (QS) of -0.01770.005 mm/s, corresponds to the
Fe3þ ions in an octahedral environment [24]. The average
magnetic hyperfine field is �25.571.0 T. The broad hyper-
fine field distribution, P(Bhf) indicates that the environments of
the Fe-ions are not the same, i.e., perfect compositional
ordering is not achieved in the studied sample.

P(Bhf) for our sample is very similar to that of the earlier
report by Raevskii et al. [24], where they fit the spectrum with
a superposition of two sextets and a central (paramagnetic)
doublet. From the P(Bhf) of our sample it is also clear that
along with the broad magnetic hyperfine field distribution,
there exists a paramagnetic part (the peak close to 2 T in P
(Bhf), Fig. 5). Previously, Venevtsev et al. [25] reported a
similar spectrum consisting of two sextets observed after firing
the PFW ceramics in oxygen, while the spectrum consists of a
Please cite this article as: S. Matteppanavar, et al., Origin of room temperature w
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single sextet for a sample fired in air. The existence of a single
sextet was due to fully disordered arrangement of Fe3þ ions,
while the two sextets in a Mössbauer spectrum for PFW was
associated with a partial disordering of Fe3þ and W6þ ions.
The formation of two magnetic subsystems might be due to
non- equivalent surrounding of iron ions in partially ordered
and disordered regions. According to calculations by the
Guillaud method [26,27], the values of TN for PFW for the
order parameters S E1 and S E0, were 310 K and 460 K,
respectively. S=1 and S=0 corresponds to the perfectly ordered
and perfectly disordered state, respectively. The values of TN
E355 K and TN E425 K were obtained experimentally for
PFW ceramics synthesized and sintered in oxygen atmosphere,
respectively, but, for samples sintered in air a TN of 363 K was
obtained [25,27].
We too believe that, there is partial disordering in our

sample which gives rise to the broad hyperfine field distribu-
tion, P(Bhf). Despite the fact that our measurements were made
at a temperature approximately 50 K below TN (350 K, Fig. 4),
the Mossbauer spectrum for PFW contains a paramagnetic
component (the peak close to 2 T in P(Bhf)). This component
might be associated with such clusters in the sample where the
degree of ordering is higher than the volume average. The
observed results confirm that there are regions where the Fe
atoms are compositionally disordered. This disordering breaks
the antiferromagnetic ordering of PFW and shows the room
temperature weak ferromagnetism as observed in the magne-
tization studies (Section 3.2).

3.4. Ferroelectric studies

The P–E hysteresis loop for the PFW measured in a field of
74 kV/cm is shown in Fig. 6. The loop shows no proper
saturation polarization (PS) with the applied external electric
field. At room temperature (well above the Curie temperature
(TC¼150 K) of PFW), the non-linear slim hysteresis is clearly
an indication that the loop originates due to the leakage current
in the sample. Furthermore, this leakage current confirms the
eak-ferromagnetism in antiferromagnetic Pb(Fe2/3W1/3)O3 ceramic, Ceramics
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presence of defected-, non-stoichiometric- or disordered-
regions in the sample, which forbids application of high
voltage.

It is worth noting that in ND we have not observed any
ferromagnetic ordering of the magnetic moments. But, we have
observed clear M-H (hysteresis) loop (Section3.2) justifying
the presence of ferromagnetism. Hence, from the leakage
current based-P-E loops, it is clear that the weak ferromagnet-
ism observed in M–H loop of the antiferromagnetic PFW
sample, at room temperature, originates from the defected-,
non-stoichiometric- or disordered-regions and is isolated from
the perfect antiferromagnetism of the PFW sample.
4. Conclusions

PFW ceramic were successfully synthesized by the Colum-
bite method at relatively low calcination and sintering tem-
peratures, following the closed environment sintering
technique. Rietveld refinement of the room temperature XRD
and ND results showed that the PFW sample was single-
phased with cubic perovskite structure (Pm-3m space group),
without any traces of pyrochlore phases. The magnetic
structure of PFW refined using room temperature ND data,
revealed the presence of G-type antiferromagnetic structure.
The ND and Mössbauer spectroscopy results confirmed the
Fe3þ (high spin) state of the Fe ions. It further suggested that
the iron and tungsten atoms are randomly distributed at the
available octahedral sites indicating the existence of composi-
tional disorder. The temperature dependent magnetic suscept-
ibility (χ vs. T) of PFW exhibited two inflexion points: one at
�350 K corresponding to the Néel temperature (TN1) and
another at �10 K (TN2) corresponding to a spin-glass like
transition. The room temperature weak ferromagnetism, spin
glass type FC–ZFC curve and anti-ferromagnetic ordering at
�350 K suggests that the anti-ferromagnetism and the ferro-
magnetism originate from different regions in the sample.

Although, the antiferromagnetic ordering has been observed
by temperature-dependent ND measurements [9], no signatures
of long range ferromagnetic ordering were observed in ND
data analysis. This suggests that the antiferromagnetism in this
sample is long-ranged, but the weak ferromagnetism originate
from the local uncompensated spins of the compositionally
disorder Fe atoms in PFW sample. The χ vs. T measurement
corroborates the above results confirming the fact that the
existence of weak ferromagnetism is due to the super-
paramagnetic/spin-glass-like behavior of the PFW sample at
room temperature.

PFW has ferroelectric and antiferromagnetic transition
temperatures of �150 K [9] and �350 K, respectively. The
observed P–E loops measured at room temperature are
believed to be originated due to the leakage current in the
sample. The observed leakage current is due to the conduction
through the local defects/inhomogeneities in the PFW crystal-
lites and the inter-particle regions. Hence, the local composi-
tionally disordered regions are responsible for the origin of
weak ferromagnetism in PFW at room temperature.
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