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Abstract

We report on high-temperature crystallographic structure, magnetic and physical properties of chemically B-site disordered lead-
bismuth iron tungstate, (PFW);_(BFO), (which can be written as Pb, gBig ,Feg 708W 26403 (0.8PFW—-0.2BFO) for x =0.2 and
Pby 7Big3Fen.7620W0.23103 (0.7PFW—0.3BFO) for x =0.3) or PBFW), solid solutions through neutron diffraction (ND), magne-
tization, electron paramagnetic resonance, and Mossbauer spectroscopic studies. From the high temperature magnetic suscepti-
bility measurement, it is observed that increase antiferromagnetic to paramagnetic phase transition around 7y=435 K
(Pbg gBigFep 728Wo.26403) and 504 K (Pbg 7Big 3Fep 762 Wo.23103), compared to pure PFW. Room-temperature crystallographic
study confirms the formation of pseudo cubic structure with Pm-3m space group, whereas the magnetic structure is commensu-
rate G-type antiferromagnetic ordering. The obtained temperature dependent structural parameters from the ND, evidenced to
existence of strong spin-lattice coupling around 7’ for both the compounds. The discontinuity in the Pb/Bi—O bond length around
ferroelectric transition (7¢) indicates the presence of magnetoelectric coupling. Interestingly, microscopic 1:1 B-site ordered
nanoclusters of PBFW exhibits the ferrimagnetic clusters along with antiferromagnetic order and it observed through the opening
of M vs H hysteresis curves in the lower field regime. The EPR and Mdssbauer spectroscopic studies well support the magnetic
property and also reveal the Fe** state, and the weak signal in EPR and broader linewidth in the Mossbauer spectra exhibit the B-
site disorderliness.
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1 Introduction freedom in single-phase materials [1, 2]. This coupling be-
tween these three ferroic properties leads to the realization of
Recently, multiferroic materials have gained enormous atten-  technologically potential device applications such as magne-

tion due to the coupling of spin, charge, and lattice degrees of ~ toelectric memory, voltage tunable spintronics, transducers,

and sensors [3—7]. In this context, the coupling mechanisms

in such single-phase materials need a proper understanding of
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electricity from &, it is difficult to obtain the multiferroic
properties in the ABO3; (A: Pb, Bi, Sc, and Ba, etc.; and B:
transition metal ions Fe, Co, Ni, Mg, Nb, and W, etc.) perov-
skites. Free electrons in the d shell suppress the ferroelectricity
in a simple ABOj structure [8, 9]. Therefore, to overcome from
these issues, the complex perovskite system with structure
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A(B'B")O5 are considered, where different source B’ and B”
produces the magnetism and ferroelectricity, respectively. A
large number of Pb-based systems with A(B'B")Oj3 structure
and with multiferroic properties such as Pb(Fe;,Nb;,,)0;
(PFN), Pb(Fel/zTa1/2)03(PFT), and Pb (F€2/3W1/3)O3(PFW)
have been reported [10-12]. The PFW and its solid solutions
have shown promising multiferroic properties, and PFW has
magnetic and ferroelectric transition temperatures at 350 K
(Tw) and 150 K (T¢), respectively. It also has some drawbacks
like difficulty in synthesizing the single-phase material due to
the volatile nature of PbO, lower magnetic moment due to the
G-type antiferromagnetic structure, and lower ferroelectric
Curie temperature (7c =150 K) [13-16]. Besides,
Pb(Fe,3W,3)O5 exhibits relaxor behavior in its ferroelectric
properties with a 2:1 ratio of Fe and W ions distributed ran-
domly in the octahedral B-site [17, 18]. It should be noted that
the random distribution of Fe and W in the B-site of PFW
induces the short-range 1:1 (Fe:W) structural ordered region
of 3-5nm [19, 20]. A similar behavior was observed in other
compounds such as Pb(Mg;3Nb,/3)O0;3, Sr(Fe,sW1/3)03, and
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Ba(Fe,sW,,3)05 [21, 22]. Ivanov et.al demonstrated the fer-
rimagnetic nature in the Sc-doped PFW and (1
_X)(O.79PbF32/3W1/303—0.21PbSC2/3W1/3O3)—(X)BiFeO3
(PFSW-BFO) solid solution [23]. These materials exhibit B-
site 1:1 long-range order leading to the ferrimagnetic nature of
a larger spontaneous magnetic moment without affecting the
relaxor ferroelectric nature [23-25]. However, the Sc-doped
PFW shows the weak chemical cation ordering of about
a <5-nm range as nanodomains exhibiting the uncom-
pensated ferrimagnetic moment [23]. The magnetic mo-
ment was larger than the disordered simple perovskites
and Bi(Fe;/,Cry»)05 epitaxial thin film [26]. Recently,
Yb- and Sc-doped Pb (Fez/3W1/3)O3 [23, 27] also exhib-
ited similar property. Due to the larger ionic radii of the
Yb and Sc, compared to Fe, they form the alternative
Fe and Yb/Sc unit cells up to a few nanometers, which
leads to the change of the number of magnetic ions in
the neighboring unit cells.

In this regard, from the past few decades, there have been
many attempts to improve the multiferroic properties of PEW
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Fig.1 RT XRD (a, b) and NPD (¢, d) Rietveld refined patterns of (PFW),_(BFO), (x=0.2 and 0.3) and downward arrow mark represents the magnetic

Bragg reflections
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by substituting or by making solid solutions with PFN,
PbTiOs, etc. [28—43]. However, by making these solid solu-
tions and substitutions, there were new difficulties like in-
ducing the space charges, and reducing the Ty below the RT,
and it rendered to normal ferroelectric behavior. To over-
come these problems in PFW and to achieve the RT and
above RT multiferroics, we made solid solutions with the
well-known RT multiferroic BiFeOs; (BFO). The BFO has
a larger value of ferroelectric and magnetic transition tem-
perature 7c =1103 K and Ty =643 K [44, 45]. In addition,
BFO exhibits the G-type antiferromagnetic ordering with the
spiral spin structure of spin wavelength ~ 62 nm. Hence, it
exhibits a lower total effective magnetic moment. Recently,
BFO doped with Tb** rare earth showed spatially destructed
and the canted G-type spin structure with net magnetic
moment [46, 47]. BFO also suffers some difficulties in
the high-temperature manufacturing process due to its
highly volatile nature [48].

In this work, we synthesized the solid solution of (PFW),
_(BFO), (x=0.2 and 0.3) by columbite method.
Crystallographic studies were carried out through XRD
and NPD. The temperature-dependent NPD reveals the pres-
ence of spin-lattice and magnetoelectric coupling. Also, we
successfully achieve the RT magnetoelectric (PFW),;
_{(BFO), materials. Astonishingly, the magnetization mea-
surement (ZFC and FC) and M vs H curves shows the ferri-
magnetic kind of nature along with the antiferromagnetism.
The (PFW),_(BFO), exhibits the G-type antiferromagnetic
structure with residual magnetic moment due to the Fe—O—
Fe superexchange interaction and anisotropic magnetic na-
ture. The electron paramagnetic resonance (EPR) and
Mossbauer studies confirm the oxidation state of Fe at +3
and exhibit the random distribution in the B-site ions.

2 Experiment

The PBFW ceramic samples were synthesized by the two-
step solid-state reaction method or Columbite method. The
synthesis conditions are reported elsewhere [49]. This
method involves two-step calcination processes; in the
first step, the stoichiometric amount of starting materials
were well-grinded in the ethanol medium for 2 h and cal-
cined at 1000 °C for 4 h, and then calcined at 850 °C for
2 h in the second step. After making the pellets of 1-mm
thickness and 8-mm diameter using a hydraulic press (3—5
Ton pressure), they were sintered at 850 °C for 1 h in the
Pb- and Bi-rich environment in order to maintain the stoi-
chiometry of the solid solutions [49]. The dense sintered
pellets were subjected to room temperature X-ray diffrac-
tion (XRD) studies to find the phase purity from 20 to 80
degrees of 20 range with the 0.01° step size and 1°/min
scan speed using Rigaku Ultima IV X-ray diffractometer

Table 1 Rietveld refinement parameters of the RT XRD pattern for
(PFW),_(BFO), solid solutions
Composition
Structural model x=0.2 x=0.3
a=b=c (A) 3.9825(7) 3.9833(5)
Volume (A%) 63.168 63.204
Pb/Bi
X 0.0000 0.0000
Y 0.0000 0.0000
V4 0.0000 0.0000
Fe/W
X 0.5000 0.5000
Y 0.5000 0.5000
V4 0.5000 0.5000
o
X 0.5000 0.5000
Y 0.5000 0.5000
V4 0.0000 0.0000
Bond length (A)
Pb/Bi-O 2.8161 (6) 2.8166 (5)
Fe/W-O 1.9912 (5) 1.9916 (5)
Density (g/cm’®)
Theoretical 9.075 8.963
Experimental 8.184 7.690
X 11.53 8.38
Ry 20.1 21.7
R 16.0 184

(A=1.5405 A, Japan made). The temperature-dependent
Neutron powder diffraction was carried in the temperature
range from 300 to 523 K and 300 to 623 K for x=0.2 and
0.3 compositions, respectively. The powder samples were
placed in the vanadium can, and the data was collected in
the 20 range of 7-135° with the step size of 0.05° using
the wavelength of A=1.244 A on PD-2 powder diffrac-
tometer [50] and experiment was carried out at the Dhruva
reactor, Trombay Mumbai. The whole XRD and NPD data
were analyzed through the Rietveld refinement using
Fullprof suite software [51]. The surface morphological
studies were carried out by scanning electron microscopy
(SEM, JEOL, JSM Japan). The Raman spectroscopic stud-
ies were carried out at RT using a 785-nm excitation
source (Micro Raman (HORIBA), 100 mW power
LASER). Temperature evolution of DC-magnetic suscep-
tibility (x vs 7) was studied with zero (ZFC) and 500 Oe
field (FC) in the temperature range 300—-800 K, and mag-
netic moment variation with an applied field (M vs H) was
studied at the selected temperature of 300, 450, and
600 K, by using vibrating sample magnetometer (VSM,
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Table2  Structural parameters and conventional reliability indices obtained from Rietveld refinement of NPD data (PFW),_(BFO); solid solution (x =

0.2) at different temperatures

Composition

x=0.2

Temperature (K) 300 313 353 403 433 453 473 523

Lattice parameter (A)
a=b=c 3.9796 (1) 3.9795 (1) 3.9818 (1) 3.9843 (1) 3.9857 (1) 3.9867 (1) 3.9906 (1) 3.9933 (1)
Magnetic moment g 1.40 (2) 1.56 (3) 1.24 (2) 0.81 (3) 0.63 (3) 0.40 (5) - -

Bond length (A)
Pb/Bi-O 2.8140 (8) 2.8139 (12) 2.8156 (9) 2.8173 (8) 2.8183 (9) 2.8190 (9) 2.8218 (9) 2.8237 (9)
Fe/W-O 1.9898 (6) 1.9897 (9) 1.9909 (6) 1.9921 (6) 1.9929 (6) 1.9933 (6) 1.9953 (6) 1.9966 (6)
X’ 9.21 19.84 9.01 8.05 8.31 8.69 8.06 7.78
Rup 22.7 33.0 23.0 22.7 23.4 24.3 22.5 22.5
Rinag-Factor 19.6 24.5 14.5 30.2 50.2 472 - -

B (A%)
Pb/Bi 4.145 (4) 3.669 (2) 3.984 (4) 3917 (9) 4.120 (1) 4.210 (1) 4.246 (9) 4373 (4)
Fe/W 0.284 (1) 0.034 (6) 0.208 (1) 0.348 (2) 0.349 (2) 0.452 (1) 0.371 (5) 0.522 (2)
(¢} 1.265 (2) 0.888 (5) 1.199 (1) 1.393 (9) 1.433 (2) 1.555(2) 1.580 (4) 1.655 (2)

oscillation frequency/amplitude 40 Hz /2 mm, 0-9 T field,
USA). The magnetic resonance studies were carried out
through the electron paramagnetic resonance spectra
(EPR) at selected temperatures of 300, 373, and 473 K
in the X-Band frequency range (8.75-9.65 GHz, JEA-
FA200). The Mdssbauer spectra were studied by using
MS1104Em spectrometer with a constant acceleration
mode. The moving-source geometry was employed.
The y-ray source was >'Co in a Rh matrix. The isomer
shifts were calculated with respect to the metallic -Fe.
The experimental spectra were fitted using SpectrRelax
software [52].

3 Results and Discussion
3.1 Structural Studies

3.1.1 Room Temperature X-Ray and Neutron Powder
Diffraction

Figure 1a and b depict the room temperature (RT) Rietveld
refined X-ray diffraction pattern of (PFW),_(BFO), (x=0.2
and 0.3) solid solutions. It can be seen from the figure that the
synthesized material is in pure form without any secondary
phases, and by comparing with the standard JCPDS pattern

Table 3  Structural parameters and conventional reliability indices obtained from Rietveld refinement of NPD data (PFW),_(BFO), 3 solid solution

(x=0.3) at different temperatures

Composition

x=0.3

Temperature (K) 300 333 353 373 383 433 473 533 553 573 623

Lattice parameter(A)
a=b=c 3.9772(1) 3.9785(1) 3.9794 (1) 3.9804 (1) 3.9813 (1) 3.9837 (1) 3.9859 (1) 3.9910 (1) 3.9920 (1) 3.9929 (1) 3.9957 (1)
Magnetic moment pg 1.55 (1) 1.50 (1) 1.38 (1) 1.28 (1) 1.17 (1) 0.85(2) 047 (3) - - - —

Bond length (A)
Pb/Bi-O 2.8123 (7) 2.8132(7) 2.8138 (7) 2.8145(7) 2.8152(7) 2.8169 (7) 2.8184 (7) 2.8220 (7) 2.8227 (7) 2.8234(7) 2.8254 (7)
Fe/W-O 1.9886 (5) 1.9892 (5) 1.9897 (5) 1.9902 (5) 1.9906 (5) 1.9918 (5) 1.9929 (5) 1.9955(5) 1.9960 (7) 1.9964 (5) 1.9978 (5)
XZ 5.87 538 5.00 497 4.91 433 430 3.99 4.25 431 4.14
Ryp 17.9 17.2 16.9 17.1 17.0 16.5 16.9 15.8 16.6 16.8 16.8
Rinag-Factor 12.6 10.8 13.8 12.9 15.4 313 56.1 - - -

Biso (A%
Pb/Bi 4.654 (1) 4.550(1) 4.661(6) 4.753(9) 4.620(1) 4.805(1) 4.905(8) 5.005(1) 4.9623) 5.045(1) 5.206(1)
Fe/W 0.136 (0) 0.170(8) 0.207(5) 0279(2) 0.227(4) 0341(9) 0474(7) 0601 () 0.615(1) 0.720(1) 0.788 (6)
(¢} 1.704 (1) 1.692(4) 1.7453) 1.775(7) 1.840(1) 1.942(1) 2.095(1) 2.204(7) 2297(3) 2271(8) 2.546(6)
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Fig. 2 (a) Polyhedral view and (b) antiferromagnetic spin structure of the (PFW),_(BFO), (x=0.2 and 0.3) at 300 K

(card no. 89-3132), all peaks are well indexed to the host
composition PFW. The obtained reflections are well-
matched with the pseudocubic crystal system of space group
Pm-3m and confirmed through the Rietveld refinement using
the Fullprof suite software [53]. The Pseudo-Voigt function
and linear background were used to simulate the peak shape
and background of the experimental data respectively. The
refined parameters are listed in Table 1. The obtained lattice
parameters are decreasing as growing x due to the lower ionic
radius of Bi** ion relative to Pb®* and also consistent with the
previous results [54, 55]. The density value obtained in the
refinement shows that the synthesized materials are well dense
and are nearly 90% and 86% experimental density compared
to theoretical ones for x=0.2 and 0.3, respectively. Figure 1a
and b also presented the simulated curve and was well fitted
with the experimental data confirmed by observing the x?, Ry,
and Ry, etc. In order to have a detailed understanding of the
crystal and magnetic structure of PBFW solid solutions, the
RT NPD was carried out, as depicted in Fig. 1c and d. The
NPD pattern exhibits diffracted reflections related to both
crystal or nuclear and magnetic structure which are not coin-
ciding with each other. The green downward arrow marks in
Fig. lc and d represent the magnetic peaks along with other
peaks related to the perovskite nuclear structure. In this sec-
tion, we are discussing only the nuclear structure of the mate-
rials, and the magnetic structure will be discussed in the fol-
lowing section. The nuclear structure of the RT NPD data was
refined using the FullProf Suite software [51] by considering
the pseudocubic crystal symmetry of Pm-3m space group with
lattice parameters and atomic positions obtained from the re-
finement of RT XRD as listed in Table 1. It is worthy of
mentioning that the Wyckoff positions of two B-site cations
(Fe and W) are in the same 1b position at (V2 %2 15), A site
cations (Pb and Bi) at la position (000), and O atom at 3¢
position (%2 2 0). In order to fit the magnetic peaks, the mag-
netic propagation wave vector k= (}2 2 '2) and G-type anti-
ferromagnetic order referred to as the Pm-3m space group are
considered and discussed in detail in the next section. The

(b)

extracted refined parameters are listed in Tables 2 and 3.
The obtained lattice parameter is a=b=c=23.9796(1) A and
3.9772(1) A forx = 0.2 and 0.3, respectively. Due to the small-
er difference in ionic radii (16 pm) of Bi** (1.03 A) and Pb**
(1.19 A), the lattice parameter did not show considerable var-
iation with x in the PBFW material and is in well agreement
with XRD results. The equivalent thermal vibrations of the
‘A’, ‘B’, and ‘O’ atoms are represented by the By, thermal
parameter, which explains the motion of atoms from their
equilibrium site, potential energy, and shape of the atomic site.
The Bio(A?) values of Pb>*/Bi**, Fe’*/W®*, and O atoms
are listed in Tables 2 and 3. The Pb/Bi and O atoms exhibit the
larger thermal parameter values indicating larger displace-
ments from their equilibrium position (000) and (%2 %2 0),
respectively. The Pb/Bi and O atoms thermally oriented along
with the [111] crystallographic directions and distorted in the
(110) plane, respectively; hence, it leads to the ferroelectric
behavior [56] (Fig. 2).

3.1.2 Scanning Electron Microscopy

Figure 3a and b depict the surface morphology of PBFW solid
solutions studied through the SEM technique. The images
show the uniform grains with the grain size of 1-2 um, which
represents the bulk nature of the synthesized materials. The
synthesized samples show closely arranged grains with a
small amount of porosity, which is well-matched with the
density of materials as calculated in the XRD measurement.
Investigation of the stoichiometric elemental compositions of
the materials was done by the energy-dispersive X-ray analy-
sis (EDAX) as shown in Fig. 3¢ and d. The obtained elemental
ratio is observed to be nearly balanced with the stoichiometry
of the precursors.

3.1.3 Raman Spectroscopy Studies

Room-temperature micro Raman studies were carried out for
both x=0.2 and x=0.3 PBFW solid solutions using 785-nm

@ Springer
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Fig. 3 SEM images (a, b) and EDAX patterns (¢, d) of (PFW);_(BFO), for (x=0.2 and 0.3)

wavelength of He—Ne laser of power 100 mW and are shown
in Fig. 4. It is known to be a very useful technique to investi-
gate the local structural information of the complex disordered
A(B'B")O; perovskite structure. However, for the Pm-3m
space group first-order Raman modes are inactive, the
PBFW system exhibits the Raman peaks attributed to the local

@ Springer

structural distortion leads to nano polar-regions. Similar
Raman peaks were observed in other Pb-based systems like
Pb(Mg,3Nb,/3)05 [57-60], Pb(Sc;2Nby/2)05 [60, 61], and
Pb(Zn;sNb,/3)O5 [62]. One can observe a broad Raman band
at a lower wavenumber regime of about 217.25 cm ! related
to the Pb-O asymmetric localized mode (F»,) and peaks in the
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Fig. 4 RT Raman spectra of the (PFW),_(BFO), forx=0.2 and x=0.3
solid solutions

200 400

300500 cm ' range assigned to the disorder-induced modes.
The BOg octahedral distortion—related bending modes of W—
O (T,,) and Fe-O (E,) were observed at 382.25 cm ' and
428.54 c¢cm™ ', respectively. The observation of well-
pronounced peaks at 680.04 and 848.76 cm ! is attributed to
the B’-O-B” octahedral modes, i.e., stretching vibration modes
of W-O (T»,) and Fe3+—O—W6+(A1g), respectively. The
above-obtained modes indicate the formation of A(B'B”)O;
perovskite structure [13] without any secondary phases.

It is worthy to note that the PBFW solid solutions exhibit
the structural transition from pseudocubic to rhombohedral
(R3c) as increasing the BFO composition by observing the
anomalies as given below.

1) The Pb—O-related band at 217.25 cm ™' shows the sharp-
ening and shifting from 217.25 t0 227.33 cm ™' due to the
increased concentration of Bi at A site.

z
-E ] 1 ] l 1 /J\-MV\M‘A/\:«J\:M-.W
3 ! . 523K
ﬁ . | JMWWM—-—_ 473K
S A 1 | h‘wuww—— 453K
Z | AMM‘M— 433K
A O U Y POVT IO O SN
3 M J .JMM_.MMMA‘AM_
= 313K
= bl A oo Al hmitend —— 300K

20 40 60 80 100 120

20 (deg)

2) A decrease in the intensity and broadening of the peaks at
382.25¢m ', 680.04, and 848.76 cm™ ! due to lowering of
the tungsten (W) concentration at the cation B” site.

3) By making the solid solution, Fe occupies 2 positions,
one in PFW octahedral and another one at BFO octahe-
dral. Especially, the peak at 477.08 cm™' (E,) [63] is
originated from the Fe—O rotationally distorted in the
BiFeO; structure. In this, one can observe the decreasing
intensity of 428.54 cm ! attributed to the bending Fe-O
(PFW) mode (E,), and its intensity rises as Fe concentra-
tion raises in B’ site.

3.1.4 Temperature-Dependent Neutron Diffraction Studies

The temperature evolution NPD of (PFW),;_(BFO), solid so-
lutions were measured in the temperature range 300523 K
and 300-623 K for x=0.2 and 0.3, respectively (Fig. 5a, b).
The peaks at 20 of 15.68°, 29.77°, 39.15°, and 47.94° corre-
spond to the magnetic reflections (100), (200), (220), and
(300), respectively. One can observe that the intensity of the
magnetic reflections decreases with rising the temperature and
vanishes above a temperature, indicates the onset of magnetic
transition in both the samples. These samples have a commen-
surate G-type antiferromagnetic structure and will be
discussed in detail in the following section.

Figure 6a and b represent the neutron powder diffraction
patterns with profile fits between the observed and calculated
profiles by the Rietveld refinement. Refinement of the NPD
data for the nuclear structure was done by considering initial
parameters like lattice parameters and atomic coordinates as
obtained from the RT XRD refinement and the nuclear struc-
ture was refined by considering the Wyckoff positions as men-
tioned earlier. The magnetic structure, for magnetic reflections
appearing at the different 20 positions than the nuclear peaks,
was refined by considering the P-/ magnetic symmetry space
group and indexed with the propagation wave vector k= (V2 %2

(b)
7
‘E l A l lu LL A L 623K
= N I — 573K
= [ oo o 553K
3 | ) Ja MAMJ‘J&—.W—-* 533K
2 ol oot }— 473K
‘% | — 433K
s L 383K
"E LM A | 373K
=] | A
| .A A R A A A — 353K
) JUVUUMW\A“JW— gggﬁ

20 40 60 80 100 120

20 (deg)

Fig. 5 Raw data of temperature-dependent NPD pattern for (PFW);_(BFO), a x=0.2 at 300-523 K and b x=0.3 at 300-623 K and downward arrow

mark represents the magnetic Bragg reflections
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Fig. 6 Temperature variation of magnetic moment obtained in the NPD data for (PFW),_(BFO), ax=0.2,bx=0.3

'5). This wave vector indicates the magnetic unit cell is double
that of the Pm-3m nuclear structure and with G-type antifer-
romagnetic ordering. The values of weighted XZ, Ry, and
Rinag factor parameters are well consistent with other reported
results [54]. Refined parameters, lattice parameter, bond
length (Pb/Bi—O and Fe/W-0), volume, and isothermal pa-
rameters (B;s,) are listed in Tables 2 and 3. The obtained Bj,
values are larger for Pb/Bi and O atoms compared to B-site
atoms (Fe/W); hence, we conclude that the structural distor-
tions are due to the displacement of the Pb/Bi atoms in the
[111] crystallographic directions from its equilibrium position
and O atoms in the (110) plane [55]. This leads to the macro-
scopic ferroelectric spontaneous polarization in the samples.
The extracted temperature-dependent lattice parameters, bond
length, and volume of the samples x =0.2 and 0.3 are plotted in
Fig. 7(a, b). It is evident from the figure that there is a presence of
an increase in refined lattice parameters as increasing the temper-
ature, linear lattice thermal expansion, along with the significant
small discontinuous change (indicated by black arrows) at the
magnetic transition 7y =435 K and 504 K for x=0.2 and 0.3,
respectively. This variation at the magnetic transition (7y) reveals
the existence of spin-lattice coupling due to the changing of spin
configuration modify the lattice parameters in the ordered mag-
netic phase without affecting the structure. The thermal variation
of Pb/Bi—O bond length largely affected the electric dipole mo-
ment, which leads to the magnetoelectric effect in the

@ Springer

multiferroics and hence shows the correlation between charge-
lattice degrees of freedom.

The obtained magnetic structure suggests the presence of
G-type antiferromagnetism and orienting of the magnetic mo-
ments along the c-axis or [001] direction of the pseudocubic
crystal system as shown in Fig. 2b. However, the presence of
antiferromagnetism having the residual magnetic moment due
to the existence of Fe—O—Fe superexchange interaction be-
tween electrons in the 34°-2p orbitals, destruction of the spiral
spin order in the BFO material and the existence of the cluster
of magnetic nano regions in the disordered regime [54].

Figure 8a and b depict the temperature variation of the mag-
netic moment obtained from the NPD refinement for x = 0.2 and
0.3 samples. The magnitude of the obtained magnetic moment
reduced as rising the temperature represents the lowering of ex-
change interaction energy (Fe**—O-Fe®*) than the thermal ener-
gy. This manifests the onset of magnetic transition temperature
Tn =435 and 504 K for x=0.2 and 0.3, respectively. These
disordered systems show a small residual moment above the
T due to the sublattice uncompensated magnetic moment. By
making the solid solutions, it is observed that the obtained mag-
netic moment at RT is 1.40 (2) and 1.55 (1) ug/Fe for x=0.2 and
0.3, respectively. These magnetic moments are nearly 30% of the
calculated values of = Spp/Fe (S = 5/2, high spin state). These
values are higher than the host PFW multiferroic material and
also observed that the magnetic moment is increasing as x
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Fig. 7 Temperature dependence of ZFC and FC magnetic susceptibility
curves at H=500 Oe for (PFW),_(BFO), a x=0.2 and b x=0.3.
Temperature vs inverse susceptibility ZFC curves for ¢ x=0.2 and d

growing [54]. One can observe the sudden decrease in the mag-
netic moment around 435 K and 504 K for x=0.2 and 0.3,
respectively, then it vanishes above this temperature which indi-
cates the magnetic transition temperature (7y) from antiferro-
magnetic to paramagnetic phase. Increasing the BFO composi-
tion enhances the magnetic transition 7y of the solid solutions
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x=0.3 solid solution and red solid line correspond to the Curie-Weiss
law fit and inset shows the derivative of magnetic susceptibility

due to the increasing strength of the exchange interaction (Ji)
between the Fe—O—Fe path in the superexchange interaction, and
it has a higher 7y, = 643 K. Due to the rising of Fe concentration
at the B-site of the perovskites, the distance between Fe—Fe ions
and magnetic dilution reduces, hence raises the exchange inter-
action [64].
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The lattice parameter variation at the ferroelectric and mag-
netic transition shows the direct evidence of magnetoelectric
coupling through the spin-lattice coupling in the system.

3.1.5 DC Magnetization Measurement

The DC magnetic susceptibility (x vs 7) was measured in the
temperature range of 300-800 K at the 500 Oe field for PBFW
solid solutions and presented in Fig. 9a and b. The observed x
(T) curves are not like that of typical antiferromagnetic
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materials. The typical antiferromagnetic materials exhibit the
magnetic transition peak at 7y; in contrast, the PBFW ce-
ramics show a continuous increase of magnetization below
the transition temperature. Similar behavior was observed in
some ferromagnetic, ferrimagnetic, or canted antiferromagnet-
ic systems [65, 66]. In particular, Pb(Fe,3W,,3)O3 belongs to
the systems of disordered B-site cations with A(B'B")O; pe-
rovskite structure and both B’ and B” cations are arranged in
1:1 (Fe** and W®") ordered manner in the B-site of few nano-
meter range [19, 20]. This kind of sub-nanoregions results in

0.025
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Fig. 9 Electron paramagnetic resonance spectra at different temperatures for (PFW);_(BFO), fora x=0.2 and bx=0.3
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Table 4 Curie-Weiss law fitted parameters for (PFW),_(BFO), solid
solutions (x=0.2 and 0.3)

Composition Tc (K) Op Uesr f= 0p/Tc
K) (pe/
Fe)
x=0.2 735 —272.20 2.86 0.370
x=0.3 720 -510.15 2.26 0.708

the ferrimagnetic ordering in the antiferromagnetically
interacting Fe®* spins. Raevski et al. [67] explain theoretically
the possible different chemical ordering of the nanoregions
(Fig. 3 in ref. [67]), in which the PFB2 superstructure has
close energy to the PFB5 ground state. Kuzian et al. [68]
explain the magnetic properties of the PFB2 structure in which
Fe ion has 2 inequivalent positions Fel(up spin) at the center
(Fig. 1b inref. [68]) and Fe2 (down spin) shared in corner sites
of the superstructure and other sites are filled with the non-
magnetic W ion. These nano-size PFB2 ferrimagnetic ground-
state structure interacting with superexchange interaction pro-
duce the uncompensated moment with the magnetic moment
of 2.5up/Fe ion; this is well matched with our magnetic mo-
ment obtained in the Neutron diffraction data. Hence, we con-
clude that the obtained temperature variation of magnetization
is following the ferrimagnetic kind of behavior. Due the non-
magnetic B" cation causes the magnetic dilution in the system
arising from breaking the infinite long-range antiferromagnet-
ic ordering and forms the nanoscale magnetic clusters which
have more probability to exhibit the ferrimagnetic behavior.
One can observe the larger magnetic transition temperature 7¢
(as shown by the green arrow marks in Fig. 9a, b) from ferri-
magnetic to paramagnetic order around 735 and 720 K for x =

0.2 and 0.3, respectively. Due to the dominance of ferrimag-
netic behavior, we observed small anomaly of

fammm
= T T T T
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antiferromagnetic transition temperature 7y (as shown by
the black arrow marks at 435 K and 504 K for x =0.2 and
0.3, respectively (Fig. 9a, b)) and also depicted by plotting the
derivative of magnetic susceptibility, as shown in the inset of
Fig. 9c and d in the bulk magnetic measurement. Hence, we
conclude that ferrimagnetic behavior persists above the Ty, as
also observed in Fig. 8a and b. The field cooled curve shows
the increasing trend of magnetization with decreasing temper-
ature also reveals the canted antiferromagnetic behavior and
destruction of spiral spin order in the BFO.

The measured ZFC and FC curves show the large differ-
ence in the magnetic moments which can be attributed to the
magnetic irreversibility associated with the magneto-
crystalline anisotropy of the materials [69]. The applied mag-
netic field is larger than the coercive field (Hc), shown in
Table 5; hence, the magnetic moment rises as lowering the
temperature below the magnetic transition temperature in the
ZFC curve, thus Xgc o H,'(T) [69].

The inverse magnetic susceptibility varies with tempera-
ture as shown in Fig. 9c and d. The paramagnetic region,
around 740-800 K, is fitted with Curie-Weiss law, Eq. (1),
and obtained the Curie-Weiss constant (C) and Curie-Weiss
temperature (0p) and calculated the magnetic frustration
(f=0p/Tc), listed in Table 4.

(1)

The negative value of Op indicates the antiferromagnetic
nature of the materials, and the frustration “f” value less than
1 reveals the presence of frustration originating from the com-
petitive interaction between the canted antiferromagnetism
and ferrimagnetism in the PBFW multiferroic material.

Figure 10a and b depict the isothermal magnetization var-
iation with the magnetic field of =90 kOe at 300, 450, and
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Fig. 10 Mossbauer spectra of (PFW);_(BFO), forax=0.2 and bx=0.3 at 300 K, ¢ x=0.2 and d x=0.3 at 643 K; e temperature dependences of the

Mossbauer spectrum intensity Im(T) related to their values at 673 K
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Table 5 Remnant magnetization

(M,), saturation magnetization Temperature (K) ~ Composition

(M), and coercive field (H,) of

(PFW),_(BFO), solid solutions x=0.2 x=0.3

(x=0.2 and 0.3) at different

temperatures M, M H, M, M H,

(emu/mol) x10*  (emu/mol)  (kOe) (emw/mol) x10™*  (emwmol)  (kOe)

300 8.8564 0.0036 0.1869  6.0615 0.0025 0.2097
450 7.2282 0.0033 0.1834  3.9100 0.0014 0.1994
600 6.6545 0.0020 02036  3.9851 0.0009 0.1879

600 K. The M vs H hysteresis curve shows the opening of
loops only at the lower applied field, as shown in the inset of
Fig. 10a and b, and non-linearity in the magnetic moment is
associated with ferrimagnetic spin order evolved from the
chemical ordering [70]. Hence, this ferrimagnetic contribution
depends on the temperature; at lower fields, it is due to the
complete alignment of ferrimagnetic spins and their forbidden
motion. In the higher applied magnetic fields, the hysteresis
loops show the linear and no saturation kind of behavior
which is attributed to the Fe**~O—Fe** antiferromagnetic in-
teraction of the samples. The measured values of coercive
field (Hc), saturation magnetization (M), and remnant mag-
netization (M,) are listed in Table 5. The coercive field re-
mains constant at all temperatures is responsible for the ferri-
magnetic behavior at the lower field, whereas M and M,
slightly reduce as increasing the temperature and linear por-
tion at higher field shows the presence of antiferromagnetism
in both x=0.2 and 0.3.

3.1.6 Electron Paramagnetic Resonance

The electron paramagnetic resonance (EPR) measurement
helps the microscopic understanding of static and dynamical
spin-spin interactions of the magnetic materials, which is very
sensitive to the electronic properties. Figure 11a and b depict
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the variation of temperature-dependent EPR spectra of x=10.2
and 0.3 in the X-band frequency range (8.75-9.65 GHz) at
300, 350, and 450 K. The observed dP/dH vs H signal seems
to be Lorentzian-like behavior and also x =0.2 exhibits the
two absorption signals, one broader signal at the lower field
(LF) of 50-100 mT range and Fe’* ion—related narrower sig-
nal at the higher field (HF) at 330-370 mT range. The LF
signal is attributed to the isolated Fe®* ion located in the 1:1

B site cation magnetic environment with low symmetry, re-
sponsible for the ferrimagnetism and is in consistent with the
magnetization results [70, 71]. The obtained slightly narrower
HF resonance indicates the antiferromagnetic nature originat-
ed from the canting of spins in the Fe*~O—Fe* interactions
along with the paramagnetic clusters. Particularly, the x =0.3
sample shows the splitting peaks in the HF, related to the Fe
ion in the rhombohedral structure due to the higher BiFeO;
concentration [72]. Table 6 shows the observed values of g,
linewidth (AB,, ), peak asymmetry (P,gy), and spin canting
(D). The g—factor values deviated from free-electron g. =

2.003 value which indicates the superexchange interaction
results in the antiferromagnetic and anisotropic nature in the
materials. For x=0.2, g is less than g, and for x=0.3, g is
greater than g.. With the increase in temperature, the value of
g goes near to the value of g, represents the disorderness leads
to the paramagnetic phase. This lower shift of g in the x=0.2
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Fig. 11 Rietveld refined NPD data at different temperature for (PFW),_(BFO), a x=0.2 and b x=0.3 solid solution
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Table6 Lande g factor (g), Lande g factor ratio (Ag/g), peak width, and P,, parameters obtained from the observed EPR spectra of (PFW),_(BFO),

solid solutions at different temperature

Composition 300 K 373 K 473 K
g Aglg AB,, Py g Aglg AB,, Py g Aglg AB,, Py
(mT) (mT) (mT)
x=0.2 1.765 0.134 187.878 0.469 1.745 0.147 170.393 0.496 1.969 0.017 89.299 0.051
x=03 2.129 0.059 61.885 0.237 2.112 0.051 47.864 0.127 2.046 0.021 80.517 0.023

is due to the ferroelectric transition at 285 K, and space charge
relaxation in the 350450 K range affects the g value [73].
Moreover, the peak-to-peak linewidth (AB,, ) of each sample
shows the temperature variation, which correlated with the
spin-spin and spin-lattice interactions. In x=0.2, as the tem-
perature decreases, the signal becomes broader, which repre-
sents the presence of magnetic moment originated from the
canted antiferromagnetic spins. The EPR linewidth is associ-
ated with the conductivity of the charge carriers; hence, x = 0.3
shows the larger linewidth at 473 K instead of a lower value.
Usually, as the temperature increases, the signal becomes
narrower due to the increase of disorderliness from the thermal
agitation, but the system exhibits the hopping conduction
mechanism of the space charges in that temperature range;
therefore, we observed the larger value of AB,,, [74]. This
increasing trend leads to the larger spin-lattice interaction in
the PBFW samples. When the signals of x=0.2 and 0.3 sam-
ples are compared, we observed that x =0.2 system shows a
higher value due to the presence of ferroelectricity and space
charge relations. The symmetry behavior can be calculated

from P, = (1" h; ): h, and hy height of the upper and lower
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100.0
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peak, respectively. One can observe the asymmetric nature of
the EPR signals in both the compositions at all the tempera-
ture, which reveals the presence of the magneto-crystalline
anisotropic character of the samples. Usually, asymmetric be-
havior is observed in bulk samples. It decreases as raising the
temperature due to the paramagnetic behavior and also de-
creases with the composition due to the conduction electron
interaction with phonons at the 7 and the presence of space
charge polarization in that temperature region [75].

3.1.7 Mossbauer Spectroscopy

Room temperature Mdssbauer spectra of (1
—x)Pb(Fe,3sW3)03—(x)BiFeO; (x=0.2 and 0.3) solid solu-
tion samples are Zeeman sextets (Fig. 12a, b). The parameters
of spectra are listed in Table 7. The isomer shift value of sextet
corresponds to the Fe* in oxygen octahedron [76]. The hy-
perfine magnetic field values of the spectra are increasing with
x growing. This increase is determined by the growth of Fe®*
concentration and reduced lattice parameters in the samples.
At 673 K, the Mossbauer spectra of PBFW solid solution
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Fig. 12 Temperature-dependent structural parameters for (a) x = 0.2 and (b) x = 0.3 solid solutions
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Table 7 Parameters of (PFW),;

_(BFO), Méssbauer spectra X T Component 5+0.02 (mny's) e/A+0.02, (mm/s) H+0.1,T G+0.02, (mnys)
taken at room temperature and K)
673K
0.2 300 Sextet 0.45 —0.01 41,2 1.49
673 Doublet 0.16 0.57 0.62
03 300 Sextet 0.41 —0.01 43,9 135
673 Doublet 0.15 0.54 0.57

0, isomer shift; €, quadrupole shift; A, quadrupole splitting for paramagnetic component; H, hyperfine magnetic
field on 7 Fe nucleus; G, linewidth

samples are represented by the paramagnetic doublet
(Fig. 12¢, d). The quadrupole splitting values (A) of the dou-
blets depend on the symmetry of Fe** nearest environment.
The lower the local symmetry of Fe’* ions, the greater the A
is. The A values of PBFW samples decrease with x growing.
This indicates the growth of the local environment symmetry
of Fe** ions. Moreover, the linewidth of the doublet lines
becomes narrower with x growing. The line broadening of
doublet lines associates with the crystal inhomogeneity of
the samples. Therefore, the cation substitutions in PBFW solid
solution lead to the growth of local symmetry and homogene-
ity of the Fe** nearest environment.

The transformation of the Mossbauer spectrum from dou-
blet to sextet near the magnetic phase transition temperature
allows one to estimate the Neel temperature (7y) of the PBFW
solid solution samples. This transformation is accompanied by
the decrease in the magnitude /m of the Mossbauer spectrum
line intensity. To get the magnitude of Mdssbauer line inten-
sity, the number of pulses in the velocity range of —0.5—
0.5 mm/s and 12 mm/s was measured. The difference between
pulse number is equal to the /m. Measuring /m in the course of
sequential decrease in temperature allows one to get its tem-
perature dependence. The drop on the /m(T) corresponds to
the Ty value. This approach has been successfully used to
determine the 73y in the perovskite compounds [77-79].

Figure 12e shows the temperature dependence of Im (T)
related to its value at 463 K for the (PFW),_(BFO), (x=0.2
and 0.3) solid solution samples. The middle of the drops on
the Im(T) corresponds to the Ty values. As can be seen from
Fig. 12¢, the T\ =435 K forx=0.2 and Ty~ 504 K forx=0.3.
The magnetic order of the perovskite-like compounds is de-
termined by the number of Fe**~O-Fe®* links and the dis-
tance between Fe’™ ions [80]. Thus, the increase in Ty values
is caused by the growing concentration of Fe** ions.

4 Conclusions
RT single-phase multiferroic materials, (PFW);_(BFO), (x=0.2

and x = 0.3) solid solutions, were synthesized by the columbite
solid-state reaction method. The Rietveld refinement of RT XRD

@ Springer

and NPD of the samples shows the psuedocubic crystal symme-
try without any secondary phases. The SEM study confirms the
bulk nature of the ceramic materials. The micro Raman studies
reveal the structural changes from psuedocubic to thombohedral,
as seen from the A (Pb/Bi—O) and B (Fe/W-0) site atoms related
modes. A small discontinuous change at the antiferromagnetic
onset temperature (71y) in the lattice parameters, extracted from
the temperature evolution of NPD data, reveals the presence of
magnetoelectric coupling through the spin-lattice coupling.
Temperature variation of magnetic moment exhibits a sudden
decrease at the onset of magnetic transition temperature 7y =

435 K and 504 K for x=0.2 and 0.3, respectively. The PBFW
solid solutions astonishingly exhibit the ferrimagnetic kind of
behavior in the bulk magnetization measurement curves and
which was also evident from the opening of M vs H loops at
the lower field regime. This arises from 1:1 B-site-ordered local
arrangement in these relaxor type materials. The linear behavior
in the M-H loops as increasing the field reveals the presence of
antiferromagnetism. The Mdssbauer spectroscopy shows the Fe
in +3 state and G-type antiferromagnetic structure. However, the
broad signal in EPR and sextet nature in Mossbauer spectra
reveals the presence of residual magnetic moment in the mate-
rials. These signatures also indicate the presence of the B-site
disorderliness, which induces the ferrimagnetism and can be ob-
served as a small resonance signal at the higher field in the EPR
(x=0.2) spectra.
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