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Abstract We report the evidence of weak ferromagnetic
and ferroelectric ordering in polycrystalline Pb(Feg 634
Wo.266Nbo.1)O3 (0.8(PbFes/3W1,3)03-0.2Pb(Fe; 2Nby /2)
03) (PFWN) ceramic at room temperature. The Pb(Feq ¢34
Wo.266Nbp.1)O3solid solution synthesized through the
columbite method. The obtained single-phase Pb(Feq ¢34
Wo.266Nbp.1)O3ceramic was subjected to X-ray diffrac-
tion, neutron diffraction, magnetization, Mossbauer spec-
troscopy, and ferroelectric measurements. The X-ray diff-
raction and neutron diffraction pattern confirms the for-
mation of single phase without any traces of pyrochlore
phases, having cubic structure with Pm-3m space group.
The Rietveld refinements were carried out on both pat-
terns, and ND data confirms the G-type antiferromagnetic
structure with propagation vector (k = 1/2, 1/2, and 1/2).
However, along with the antiferromagnetic ordering of the
Fe spins, we also observed the existence of weak ferro-
magnetism. This result was confirmed through (i) a clear
opening of hysteresis (M — H) loop, (ii) bifurcation of
the field-cooled (FC) and zero-field-cooled (ZFC) sus-
ceptibilities, (iii) spin-glass behavior, and (iv) Mdossbauer
spectroscopy.

b4 Basavaraj Angadi
brangadi @gmail.com

Department of Physics, Bangalore University, Jnanabharathi
Campus, Bangalore, 560056, India

2 UGC-DAE-Consortium for Scientific Research, Mumbai
Centre, BARC Campus, Mumbai, 400085, India

Materials Research Centre, Indian Institute of Science,
Bangalore, 560012, India

Keywords Multiferroics - Columbite method - Neutron
diffraction - Spin glassy - Weak ferromagnetism -
Ferroelectric

1 Introduction

Pb-based multiferroics [1-3] are promising candidates for
the design and synthesis of multifunctional materials. They
are important for their unique and strong coupling of elec-
tric, magnetic, and structural order parameters, giving rise
to simultaneous ferroelectricity, ferromagnetism, and fer-
roelasticity [4]. This is of great interest to study these
compounds from a fundamental perspective, as well as for
potential applications in magnetoelectric and magnetoelas-
tic devices. In these systems, the interplay and competitions
between spins, dopant charge carriers, the degree of free-
dom of orbital, and lattice symmetry lead to a variety
of couplings and phase transitions [4]. Currently, most of
the research on single-phase multiferroics is concentrated
on lowering sintering temperatures as much as possible,
without much change in the properties of the materials.
Among them, lead iron tungstate—Pb(Fe;;3W1,3)03
(PFW) and lead iron niobate—Pb(Fe;,2Nb;,2)03 (PFN)
are widely studied multiferroic properties independently
because of their unique multiferroic proprieties [5-7]. The
PFW is known as a multiferroic material with a com-
plex perovskite-type structure (AB/B?03) in which Fe3*
and WOt are randomly distributed at the octahedral B-site
positions and presents a relaxor ferroelectric and antiferro-
magnetic ordering. The ferroelectric Curie temperature (7¢)
was reported to occur between 150 and 200 K [5]. PFN
undergoes a normal ferroelectric phase transition which
occurs around 380 K and an antiferromagnetic phase tran-
sition at 155 K [6, 7]. Unfortunately, these materials suffer
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from high leakage current, formation of multiphase struc-
ture, high dielectric loss, etc., which limit the materials to
be used for fabrication of any suitable devices with bet-
ter performance. In the last few decades, several attempts
have been made to solve these problems by (i) synthesizing
single-phase materials using various techniques, (ii) mod-
ifying chemical composition of the materials by suitable
substitutions at the A/B atomic sites, and (iii) fabricating
multicomponent composites, and encouraging results have
been obtained.

Nowadays, exotic results has been carried out to under-
stand the magnetoelectric, magnetoelastic, and piezoelectric
coupling of solid solutions Pb(Fez;3W1,3)O3—(Pb(ZrTiO3)),
Pb(Fe2,3W1/3)03-PbTiO3, and Pb(Fez,3W1,3) O3-BiFeOs3
[8—17] in bulk and thin film. Recently, Kumar et al. reported
enormous piezoelectric coupling effect in Pb(Zrg 53Tip.47)O3/
Pb(Feg.66 Wo.33)O03 (PFW-PZT) solid solutions [8] and Lee
et al. reported that (PbZro.57Tip.4303)0.8—(PbFeo.67W0.3303)0.2
thin-film solid solutions show the better multiferroic prop-
erties [9]. Kempa et al. reported on bulk PFW-PZT and con-
firmed absence of magnetically switched off polarization
[10], and Pajic et al. reported the competing antiferromag-
netism and local magnetic order in the bulk ceramic PZT-
PFW multiferroic system: searching for the most promising
ratio between PZT and PFW [11]. Dulkin et al. reported
(I — x) Pb(Fez;3W1,3)03—xPbTiO3 solid solutions stud-
ied and corrected previously obtained phase diagram for
ceramic system [12]. Choudhary et al. reported relaxor
characteristics of Pb(Fe;;3W1,3)03-BiFeOs3 solid solution
prepared by mechanosynthesis route and obtained dielec-
tric studies [13], and recently, Puli et al. reported on
quaternary Pb-based materials (0.25(PbZrg 5, Tip.4803) +
0.25(PbFeg 5Tag s03) + 0.25(PbFy7Wo3303) + 0.25
(PbFeg sNbg 503)) (PZT-PFT-PFW-PFN) and observed
good ferroelectric and diffused dielectric properties [14].
Lee et al. [15] have studied the PFW-PFN solid solution for
the single phase formation and to enhance their properties
for the multi layer ceramic capacitor (MLCC) applications
and later on, Liou et al. reported on Pb((Zn;;3Nbz/3)0.6
(Fe2/3W1/3)0.4)03 and Pb((Fe;/2Nby2)0.7(Fea3W1/3)0.3)03
(0.7PEN — 0.3PFW) solid solutions independently with-
out magnetic and electric properties [16]. Recently, Ivanov
et al. thoroughly studied the 0.6(Pb(Fez;3W1,3)03 —
0.4(Pb(Fe;,2Nby,2)03)) solid solution and reported exis-
tence of weak magnetoelectric coupling in particular solid
solutions [17].

From all the above consequences, it is confirmed that
PFW is an attractive candidate for magnetoelectric, magne-
toelastic, and piezoelectric coupling phenomenon; so in this
work, we selected ((Pb(Feg 34Wo.266Nbg.1)03) (PFWN))
solid solution. Further, synthesis of single-phase multifer-
roics is a difficult task, even with different chemical and
solid-state routes due to the reason that PFW-PFN solid
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solutions are less studied. In this study, we fabricated par-
ticularly PFWN solid solution to understand the structure
and magnetic and electric behavior of the ceramic at room
temperature (RT), and it was not studied earlier. Some con-
troversies and inconsistent interpretations were proposed to
describe the RT weak ferromagnetic ordering and structure
in Pb-based systems, in such a way that their origins still
remain unclear.

In this present work, single-phase PFWN ceramic pow-
der were synthesized by Columbite method, and its RT crys-
tallographic and antiferromagnetic (AFM) structure was
characterized using X-ray diffraction (XRD) and neutron
diffraction (ND) studies. To assess the weak ferromag-
netism at RT, we have performed magnetization, Mossbauer
spectroscopy, and polarization (P — E loop) measurements.
Furthermore, we report the origin of this weak ferromag-
netic behavior at RT in PFWN.

2 Experimental
2.1 Sample Preparation and Characterization

Polycrystalline samples of PFWN were prepared by a
Columbite method [5, 18] (solid-state reaction method), a
relatively low-temperature sintering (> 850 °C) and using
high-purity (99.9%) ingredients; PbO, Fe,O3, WO3, and
Nb,Os (Sigma Aldrich and SD Fine, India) in a suitable
stoichiometry. Firstly, the reagent Fe,O3, WO3, and NbyOs5
powders were stochiometrically mixed with ethanol and
crushed fine powders for 2 h by using agate mortar. The
mixed FepO3, WO3, and NbyO5 were calcined at 1000 °C
for 4 h. Subsequently, the stochiometric PbO (99.9%; SD
Fine, India) and FeWNbOg were mixed and crushed in agate
mortar for 2 h with 1 wt.% excess of PbO added. After
drying, this slurry was calcined at 900 °C for 2 h, and sin-
tering was carried out at 850 °C for 90 min in high purity
alumina crucibles. The calcined fine powders were cold
pressed into cylindrical pellets of 10 mm diameter and 1-2
mm of thickness at a pressure of 3 tonnes using a hydraulic
press. Polyvinyl alcohol (PVA) was used as binder to pre-
pare the pellets, which can be removed completely during
sintering. Then the pellets were sintered at 1123 K for 1 h
in Pb-rich environment muffle furnace.

Pb-based multiferroics are challenging materials to
achieve single phase due to the formation of in situ sec-
ondary phases, such as pyrochlores, along with the per-
ovskite phase. One of the reasons for the formation of
pyrochlore phases is the evaporation of Pb above 850 °C
during the sintering process. In order to avoid the formation
of pyrochlore phase, Pb evaporation has to be controlled.
To achieve this, we have created a Pb-rich closed environ-
ment during the sintering process. PbZrO3; was used as a
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Pb source inside the closed environment, which is sealed to
control the Pb partial pressure. To check the phase formation
of the polycrystalline PFWN, we used XRD measurement.
The sintered ceramic powder were characterized by XRD
(Phillips 1070) using Cu-Ko« radiation (wavelength, 1 =
1.5406 A) to obtain the crystal structure. Neutron diffraction
measurements were carried out on a focusing crystal-based
powder diffractometer, available at UGC-DAE-CSR beam
line in Dhruva reactor, BARC. Neutrons at wavelength 1.48
A were used for the present study. 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 [19].

Magnetization studies were carried out on a vibrating
sample magnetometer (VSM) attached to a physical prop-
erty measurement system (Quantum Design PPMS). The
M — H loop of our PFWN sample measured at RT up to
an applied field of 90 kOe. The zero field-cooled (ZFC) and
field-cooled (FC) variations of magnetic susceptibility (x =
M — H) with temperature for the PFWN sample, measured
in a field of 500 Oe.

>TFe Mossbauer 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. Trans-
mission Mossbauer spectrum was measured at RT by using
a 57Co source (Rh matrix, ~ 15 mCi) mounted on a con-
stant acceleration Mossbauer drive from SEE Co., USA
and a proportional counter. The spectrum is a Zeeman split
six-line pattern, where the black dots represent the experi-
mentally recorded data points and the solid line is the least
square fit to the measured data. The spectrum recording
time was about 1 week, but still the signal/noise ratio of the
spectrum is low due to the electronic absorption of Pb and
W. For the least square fitting of the Mossbauer spectrum,
we used the computer program NORMOS written by Brand
[20]. The ferroelectric (P — E) loop measurements were
carried out at RT by ferroelectric loop (P — E) tracer (M/s
Radiant Instruments, USA). Thin silver paste is applied on
both sides (top and bottom) of the PFWN ceramic pellet as
the electrodes. For RT, 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 differential thermal analysis or thermogravimetric
(DTA/TG) curve of the ceramic is shown in Fig. 1. The
sample sintered at different high temperatures such as 1100,
1050, and 900 °C, whereas the sample shows evidence of
the second phase, probably most commonly arising from
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Fig. 1 Temperature dependence of weight loss and heat flow of
PFWN measured by differential scanning calorimetry

PbyNbyO7, PbWOy4, Pby W, 07, etc. and related pyrochlore
phases. Hence, the rapid sintering at 850 °C shows a com-
pletion of reaction to form a single-phase PFWN solid
solution. It is noted that the sintering temperature higher
than that of 850 °C, such as at 1100, 1050, and 900 °C,
forms many undesirable impurity phases. In order to inves-
tigate the thermal behavior related to phase changes and
melting phenomena in PFWN solid solution, thermal gravi-
metric/differential thermal analysis (TG/DTA) results are
presented in Fig. 1.

The differential thermal analysis or thermo gravimet-
ric (DTA/TG) curve of the ceramic is shown in Fig. 1.
Within the temperature range of 90-350 °C, a two-step
decomposition of PbCO3 to PbO (litharge) was observed.
The decomposition was completed at 320 °C with distinct
endothermic effects and a corresponding weight loss. A
distinct endothermic transition at 690 °C in heat flow vs.
temperature curve is observed. This transition is very con-
sistent with the change in curvature in heat-flow curve and
mass loss, as shown in Fig. 1 as dashed lines. The melt-
ing point of PbO is about 888 °C, and this transition can
be certainly assigned due to the evaporation of PbO in the
sample. On the other hand, there is a remarkable weight loss
after the second transition at 690 °C, indicating loss of PbO
through sublimation process. Hence, rapid heating rate and
short-time sintering of PFWN at 850 °C remain as clues to
avoid loss of PbO, segregation of Fe;O3, WO3, and Nb;Os,
and formation of other undesired phases such as pyrochlore
phases.

Figure 2a shows the RT XRD pattern of PFWN ceramic
prepared by Columbite solid state reaction method and sin-
tered at 850 °C 1 h~!, respectively. The Rietveld refinement
analysis confirms that the sample forms in single-phase
cubic structure (Pm-3m space group), with no secondary
parasitic phases like PbyNbyO7, PbWOy4, PbyW;,07, etc.
[5, 18]. The structural parameters were obtained from the
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Fig. 2 a X-ray diffraction pattern and b neutron diffraction pattern of
sintered PFWN sample. The observed data points are marked 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 indi-
cates 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 posi-
tions and the second row marked with M represents magnetic Bragg
peak positions

Rietveld refinement of the XRD data. The lattice parameter
was found to be 3.987(1) A. No additional superstructure
peaks associated with the atomic ordering and tilting of
the (Fe, W, Nb)Og¢ perfect octahedra were detected. This
suggests that the low-temperature calcination and sintering
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.

Further, more precise crystal structure of PFWN samples
were determined from the Rietveld analysis of the RT ND
data (Fig. 2b) and which further confirms the cubic struc-
ture with Pm-3m space group. In the Rietveld refinement,
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the atoms were first fixed at their special positions, e.g.,
Pb cation was located at the position (000) (Wyckoff site
1a). The transition metal ions, Fe, W, and Nb are distributed
randomly on crystallographic position given by the Wyck-
off notation 1b, i.e., (1/2, 1/2, and 1/2), which is placed at
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., (1/2, 1/2, and 0). Figure 3a shows
the crystallographic structure of PEFWN drawn based on the
refinement results of RT ND data. The Fe/W/Nb ratio of
the B cation site was held constant during our refinements
based on the results of the chemical analysis. The observed
isotropic atomic displacement parameter of the lead (Pb)
cation was obtained as unusually large (Bpp). During the
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Fig. 3 a Crystal structure of PFWN. The lead atoms are located at
the edges of the unit cell. Polyhedron is drawn around the iron, nio-
bium/tungsten atoms. Oxygen atoms are shown in red (at the edges of
the polyhedra). b Magnetic structure of PFWN. Only the moment on
iron is shown as arrows. The alternative arrangement of arrows indi-
cates the antiferromagnetic arrangement of magnetic ions, giving rise
to the antiferromagnetic ordering at RT in PFWN
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refinement, atomic occupancy of Pb was also refined for the
PFWN sample to confirm the loss of Pb or O ions and vari-
ation within one standard deviation. The structural model
used in refining the powder XRD data was taken as a start-
ing model for the refinement of the ND data. The refined
cell parameter from the analysis of RT ND data is a =
3.988(1) A, which is in good agreement with the XRD result
(a =3.987(1) A). The obtained R-factors (Rp = 3.80%;Ryp
= 5.59%;Rexp = 1.61%; Xz = 1.2, Bragg R-factor = 3.76,
Rf-factor = 1.74) are also found to be reasonably good [3,
7,12, 17].

In Fig. 2b, the arrow marks clearly the extra Bragg peaks
around 26 (or Q1) of 18.5 26 (1.36 A~1), 35.899 (2.61
A~1), and 47.776 (3.43 A~1), similar to the PFW and PEN
[5, 17]. All these peaks could be identified as antiferromag-
netic peaks and were indexed using a single propagation
vector k = (1/2, 1/2, and 1/2). For refinement, symmetry
elements and basis vectors of the irreducible representations
were obtained using Baslreps program within the Fullprof
suite [21]. The magnetic phase was added as the second
phase, and the refinement was carried out assuming Fe as
the only magnetic ion in PFWN and obtained magnetic
structure was a G-type antiferromagnetic structure. The
value of the magnetic moment per Fe ion at RT is 5.5 uB,
which is slightly lower than the calculated spin only value
of 5.9 uB/Fe. The obtained R-factor for the magnetic phase
(magnetic R-factor) is 16.2. Figure 3b shows that the Fe>*
moments are arranged in a simple G-type antiferromagnetic
structure of PFWN as obtained from the Rietveld-refined
ND pattern.

3.2 Magnetization Studies

The zero field cooling (ZFC) and field cooling (FC) tem-
perature dependences of magnetization M(T) are shown in
Fig. 4. For the sake of simplicity, this figure presents ZFC
and FC data for 500 Oe of applied magnetic field only. To
record the ZFC magnetization, the sample was first cooled
to a low temperature in the absence of a magnetic field.
Next, the magnetic field was applied and the ZFC mea-
surements were performed on warming the sample. The FC
data were also recorded on warming, after previous cool-
ing of the sample in a magnetic field. At high temperatures
above the Néel temperature (7Ty > 310 K), the ZFC and
FC magnetization curves merge each other, probably due to
local clustering of the spins and spin glassy behavior [22]
or to ferromagnetic domain growth [23]. The ZFC and FC
magnetizations curves start to differ below 310 K by the
application of 500 Oe; this phenomenon can be interpreted
in terms of spin-glass transition or freezing of domain wall
motion [24].

The ZFC and FC curves increase monotonically on
decreasing temperature from 400 K and exhibit a cusp

Moment (emu/g)

0 50 100

150 200 250 300 350 400
Temperature (K)

Fig. 4 Temperature dependent molar susceptibility (ZFC and FC) for
PFWN at 500 Oe. Shaded region shows the Ist and 2nd magnetic
phase transition Néel temperature (7n) and blocking temperature for
the spin-glass behavior

around 310 K (7n1), indicating the onset of antiferromag-
netic ordering. However, on further decrease in tempera-
ture, x increases further and exhibits another broad hump
around 20 K (Tn») before falling rapidly as T approaches
to 5 K. This result well supported the reported PFW and
PFN results [5, 7, 17]. The Néel temperature (7y) of the
Pb(Fez;3W1,3) and Pb(Fey/2Nb;,2)O03 Ty ~ 350 and 155
K, respectively [5, 6]. The increase in the value of y starting
from 400 K down to 5 K can be attributed to a modified-
exchange interaction of Fe3*—O-Fe3* in the disordered
regions of the sample like PFW and PEN [5, 6, 23]. Further-
more, 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 7. The magnetic susceptibility behavior is similar to
the earlier Pb-based reports [7, 17, 23, 25, 27].

The observed Tn; at 310 K is paramagnetic to antiferro-
magnetic phase transition. The lower value of the 7> can be
attributed to the fluctuations in the local ordering of Fe, Nb,
and W ions. Generally, in the well-known perovskite PFW
and PFN, antiferromagnetic interactions (7n;) through —
Fe3*t—O-Fe3+-superexchange paths and —Fe3T—O-Nb-W-
O-Fe3*-super-super-exchange paths (Tn2) have been both
observed. The peak around 20 K in the ZFC curve can
be interpreted in terms of spin-glass transition or freezing
of domain wall motion [24, 25]. The ZFC-FC bifurcation
also exhibits local clustering of the spins [22, 26] or super-
antiferromagnetic domain growth [23, 27]. This can also be
the source of weak ferromagnetic ordering in the PFWN
ceramic. Recently, our group and Chillal et al.’s reported
[5, 7, 25] similar behavior on PFN and PFW; two types
of magnetic order emerge independently: (i) infinite-range
percolation cluster (antiferromagnetic order) and (ii) (Fe3t
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ions unblocked) super-antiferromagnetic Fe3*clusters. The
coexistence of both the above systems leads to a single
homogenous phase, with the magnetic moments arranged in
a speromagnetic-like or spin-glass-like fashion. We confirm
existence of similar magnetic ordering in this ceramic. This
speromagnetic-like behavior is responsible for the existing
weak ferromagnetic ordering at RT in our sample. Fur-
thermore, the decrease in x in the ZFC curves could be a
result of the super-antiferromagnetic blocking of the local
super-paramagnetic-like clusters present in the sample, con-
firming the presence of magnetic clusters in the sample
having spin glass nature.

It is important to observe the magnetic anomaly at ~
200-250 K, the ferroelectric ordering temperature (7¢) of
PFWN ceramics through the nonlinear behavior of ZFC and
FC. The Mossbauer results further supports the presence
of these two types of magnetic clustering due to composi-
tional disorder (next section). This kind of magnetic interac-
tion is common in complex-structured lead-based systems,
where the B site is occupied by a magnetic and a nonmag-
netic cation. According to earlier reports, compounds with
good compositional ordering, such as Pb(Co1,2W1,2)03,
shows a single magnetic ordering temperature (7n) at
8 K [28]. However, for Pb(Fe;/2Nb,2)03 [29, 30] and
Pb(Fe;/2Ta12)03 [29, 31, 32], where a complete com-
positional ordering could not be achieved, two magnetic
phase transition temperatures (7n; ~ 161 K and Tno ~ 9
K for Pb(Fe]/sz1/2)03 and, TN] ~ 143 K and TN2 ~ 9
K for Pb(Fe,2Ta;;2)O3) have been shown, suggesting the
presence of disordered and ordered nanostructures.

From the M — H loop of our PFWN sample in Fig. 5, it
can be observed that the magnetization displays a small hys-
teresis only in the low-field region. The appreciable opening

0.20
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0.15

0.10 1
0.05

0.00
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-0.10 +
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-15 -10 -5 0 5  Hkoe1( 15
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Fig. 5 Magnetization of PFWN measured as a function of varying
magnetic field at RT. Inset shows the enlargement (around the origin)
view for clarity
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of the hysteresis loop reveals the presence of weak ferro-
magnetism in our sample with a coercive field (H.) value
of 0.768 kOe. The inset in Fig. 5 shows the zoomed in view
of the M — H loop around the origin for clarity. The satu-
rated magnetization (M) and remnant magnetization (M)
were estimated to be 1.028 and 0.0095 emu g~!, respec-
tively. 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 Fe3*—
O-W/Nb-O-Fe3*, caused by the local disorder/short-range
order of the Fe atoms at the B site.

3.3 Mossbauer Spectroscopic Studies

The Mossbauer spectrum (Fig. 6) of the PFWN sample mea-
sured at RT was fit with a distribution of magnetic hyperfine
fields, P(Bnr). The hyperfine field distribution is shown
on the right-hand side of Fig. 6. The obtained average iso-
mer shift (IS) of 0.2030 & 0.005 mm s~! and quadruple
splitting (QS) of 0.4450 £ 0.005 mm s~! corresponds to
the Fe3T ions in an octahedral environment [25, 33]. The
average magnetic hyperfine field is ~ 13.54 £ 1.0 T. The
broad hyperfine field distribution, P (Bhf), indicates that the
environments of the Fe ions are not the same, i.e., per-
fect compositional ordering is not achieved in the studied
sample. The Mossbauer spectra is not perfectly sextet; it
shows the origin of magnetic behavior due to the near RT
Tn (310 K). Recently, Raevskii et al. [33] reported for Pb-
based systems where they fit the P(Byr) spectrum with a
superposition of two sextets and a central (paramagnetic)
doublet. From the P (Byr) of our sample, it is also clear that
along with the broad magnetic hyperfine field distribution,
there exists a paramagnetic part. Venevtsev et al. [34] dis-
cussed a similar spectrum consisting of two sextets observed
after firing the PFW ceramics in oxygen, while the spec-
trum consists of a single sextet for a sample fired in air.
It shows that the existence of a single sextet was due to a
fully disordered arrangement of Fe’*t ions, while the two
sextets in a Mossbauer spectrum for PFWN was associated
with a partial disordering of Fe3T, Nb>*, and WO ions.
The formation of two magnetic subsystems might be due to
nonequivalent surrounding of iron ions in partially ordered
and disordered regions.

Our results well supports to the existence of a partial
disordering in our sample which gives rise to the broad
hyperfine field distribution, P (Bpt). Our Mossbauer results
well supports the existence of weakly paramagnetic order-
ing along with antiferromagnetic ordering. This component
might be associated with such clusters in the sample where
the degree of ordering is higher than the volume aver-
age. The results confirmed that there are regions where
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the Fe atoms are compositionally disordered. This disor-
dering breaks the antiferromagnetic ordering of PFWN and
shows the RT weak ferromagnetism as observed in the
magnetization studies (Section 3.2).

3.4 Ferroelectric (P — E Loops) Studies

Figure 7 shows that the RT ferroelectric properties of the PFEWN
were investigated by the P — E loop measurement at 50
Hz. In general, PFW does not give a perfect P — E loop at
RT due to the high leakage current and T¢. In this synthesis
method, sintering was done at 850 °C 1 h~L. This indicates
clearly that ceramic pellet was not highly dense due to the
low-temperature annealing process. At a maximum applied
electric field of & 2 kV cm™!, the remanent polarization (P;)
is 1.18 C cm™2 and coercive field (E¢) is 1.33 kV cm™.
This clearly indicates that the observed P-E loop, due to the
leakage current in the sample and also the low P; value in

3
1 — PFWN @ 50Hz
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5
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Fig. 7 Room temperature P — E loops measured at 50 Hz

.0 2.0

the sample are due to the combined effect of the crystalline
lattice structure, defects, oxygen vacancies, and the stoi-
chiometry. In addition, the E. also shows noticeable values;
this can be attributed to crystallite sizes, interface, and the
defects of the sample. The asymmetry of the P — E loop can
be attributed primarily to the difference in the work func-
tion, the crystallographic defect distribution, and the thermal
history between the top and the bottom electrodes [35]. The
ferroelectric ordering may be there, but the effect is too low
in the sample; one has to study the low-temperature P—E
loops to understand the detailed mechanism.

From the RT ND results, we have not confirmed exis-
tence of ferromagnetic ordering. But, magnetic studies show
a clear opening of M—H (hysteresis) loop (Section 3.2), jus-
tifying the presence of weak ferromagnetism. Hence, from
the leakage current-based P — E loops, it is clear that the
weak ferromagnetism observed in the M—H loop of the
antiferromagnetic PFWN sample, at RT, originates from the
defected, nonstoichiometric, or disordered regions and is
isolated from the perfect antiferromagnetism of the PFWN
sample.

4 Conclusions

In conclusion, PFWN multiferroic ceramics were synthe-
sized at relatively low calcination and sintering tempera-
tures by a Columbite solid-state reaction method followed
by closed environment technique. The RT XRD and ND
studies showed that PFWN is in the cubic phase with Pm-
3m space group. The ND data confirms the presence of
G-type antiferromagnetic structure. The ND and Mossbauer
spectroscopy results confirm the iron in the sample is in the
Fe>* (high spin) state. It further suggests that iron, tungsten,
and niobium atoms are randomly distributed at the available
octahedral sites which evidenced the compositional disor-
der. The existence of weak ferromagnetic ordering in the
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sample is confirmed by the M—H loop results, and it is well
supported by the RT Mdssbauer spectroscopy.

The temperature-dependent magnetic susceptibility (x
vs. T') of PFWN possesses two inflexion points; one at ~
310 K corresponding to the Néel temperature (7n;) and
another at ~ 20 K (7n37) corresponding to a spin-glass-like
transition. The RT weak ferromagnetism, spin glass, and
anti-ferromagnetic ordering at ~ 310 K result suggest that
the existence of long-ranged AFM and ferromagnetism orig-
inates from different regions in the sample. But, the weak
ferromagnetism originates from the local uncompensated
spins of the compositionally disordered Fe ions and y vs.
T results corroborate the above conclusion. Finally, ferro-
electric hysteresis loops at RT confirm the presence of weak
ferroelectric behavior. This material can be used for future
RT magnetoelectric multiferroics.
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