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Abstract

We report on the studies of room temperature (Ry3$tal structure, electric and magnetic
properties of (1-x) Pb(ReNby2)0s — x Pb(FesW13)03 (PFNLx — PFW,) (x = 0.0, 0.2, 0.4,
0.6, 0.8 and 1.0) solid solutions through the mesments of X-ray diffraction, FTIR,
scanning electron microscopy (SEM), Neutron diffit, Raman, Magnetic, Méssbauer and
ferroelectric measurements. FTIR spectra showedndam perovskite related transmission
bands. The SEM analysis shows an average graino§i2am for all the solid solutions.
Rietveld refinement was performed on RT X-ray difion (XRD) and neutron diffraction
(ND), which reveals, thenonoclinicphase for x = 0.0 with space groGm andCubic phase
for x = 1.0 with space groupm3m. In other words, increasing x, the samples exhabit
gradual phase transition from monoclinic to cubit.addition, the Raman spectroscopy
corroborates the change in structural symmetry freomoclinic Cm) to cubic Pm3m) on
varying X. The coexistence of both monoclinic antic symmetries was observed between x
= 0.2 to 0.8. Magnetic measurements shows that,nthgnetic phase transition from
paramagnetic to antiferromagnetic (AFM) was obsgrae or above RT for x = 0.6 and
above. The magnetic structure was refined usingptbpagation vector k = (¥, %, %) and
structure was found to be G-type antiferromagnéfi@gnetic propertied-H loops) shows,

a weak ferromagnetic behaviour with antiferromagnetdering at RT. At RT, x = 0.0 to 0.6
the samples exhibits disordered paramagnetic pppéut weakly coupled with
antiferromagnetic domainBut, x = 0.8 and 1.0 samples show antiferromagragticthey are
weakly coupled with paramagnetic domairkhe temperature dependent magnetisation
(M(T)) confirms, the augmentation of Néel temperat(ly) from 155 K to 350 K on
increasing x. MAdssbauer spectroscopy confirms g@pamagnetic nature with the presence
of Fe in 3+ state and on increasing X, the spedianges from doublet to sextet. The

ferroelectric (P-E) study confirms the existence fefroelectric ordering with leaky



behaviour. The reasonable ferroelectric loops vatitiferromagnetic properties indicate
samples with x = 0.2 to 0.6 show good magnetoateatharacteristics and may find

applications in multiferroics.

Key words. Multiferroic, Neutron diffraction, Rietveld Refament, Phase transition and

Magnetic structure.
PACS number(s): 77.80.Bh, 75.50.Ee, 75.80.+q
1. INTRODUCTION

Recently, there has been an increased intensercbsea searching for RT or near RT
magnetoelectric multiferroics for both fundamergeientific understanding and to fabricate
novel multifunctional devices [1 - 3]. The coexiste both ferromagnetic and ferroelectric
orders in single phase multiferroics with ABQO type perovskite structure has been
contradicted as the former requires empty d ombital the off-centering of B ions in the
oxygen octahedral cage, while the latter requiremtiglly filled d orbitals [4].
Pb(Fe;:Nb12)Os (PFN), Pb(Feg:Tai )O3 (PFT) and Pb(RgW13)03 (PFW) multiferroic
compounds belong to PB@E')Osztype complex perovskite structure family [1-3]-JBw
valence cation (F8), B"-high valence cation (NhTa*W®")] and were discovered in the
early 1960s [3, 4, 5, 6]. In this family, the®F8' provide unpaired 3celectrons for magnetic
ordering, whereas the distortion introduced by nmmgnetic W and NB* on the B"
exhibiting & configuration gives rise to ferroelectric orderinthese complex structured
multiferroics show unique large electric polaripatimagnetization, high piezoelectric
coefficients and reasonably high magneto-eleciigpting coefficient; hence they attracted
researchers’ attention for their potential applarad in multifunctional devices. These
multiferroics (PFN and PFW) independently have ghmote display simultaneously,

ferromagnetic and ferroelectric properties below RfAd confirm the evidence of ME
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coupling experimentally and theoretically. Thougi\NPand PFW are potential candidates for
ME coupling studies, however not at RT. PFN haso#dectric Curie temperaturgd) at 350

K and anti-ferromagnetic Neel temperatufg)(at 155 K. Similarly, PFW has: below 200

K andTy below 350 K [5 - 7]. In order to shift the magatrdering temperature in PEN and
to achieve the RT multiferroic properties, it issoled to make solid solution of PFW with

PFN, due to the similar perovskite structure witra# amount of diluting ferroelectricity.

Recently, many researchers have tried to make Riear RT Pb based ME multiferroics
by using the mixed perovskites of PFN, PFW and Ril PbZr TixO3 (PZT) [8 - 16], due
to the existence of rich magnetoelectric and mawggtastic coupling between them. Among
these, PFW-PZT showed unique coupling mechanismtamas studied in some detail both
theoretically and experimentally. Recently, Scottag [9] reported in the review article, that
the solid solutions of PZT with PFN, PFW and PFVenhdailed to show magnetoelectric
coupling. Also theoretical calculations by Glincheik al. [15 and 16] suggest that there is no
bilinear o;; PM; magnetoelectric coupling, but all that interactioetween P and H is via
magnetostrictionbM’S* plus electrostrictiordP’S" and piezoelectricitydiPiSk. This can
produce a useful room-temperature device in whiehswitches to zero (not to -P), but it is
not strictly a magnetoelectric multiferroic. Froimetstudies, PFN/PFW/PFT — PZT solid
solutions are not magnetoelectric multiferroic, daese of the bilinear magnetoelectric
interaction of form P x M and that E fields and Hdgeare not at all equivalent switching
fields. Instead, switching is quadratic in M (simildo CuO), and operates via
magnetostriction (similar to PFW/PZT) [12, 13]. &m et. al [10 and 11] reported for room-
temperature single phase multiferroic magnetoetscton Pb(Fe, T&)Zr,Ti)1xOs and
Pb(Fe, Nb)Zr,Ti)1-xO3 quaternary B-site perovskites, the Fe/W/Zr/Ti coonmds exhibit
only biquadratic coupling between polarization @d magnetization (M), and not linear

magnetoelectricity [11 - 13]. Schiemer et. al. mothat PFT/PZT solid solutions shows the



room temperature multiferroic properties due to mh@gnetoelastic [14]. Because of these
above reasons, it will limit device applicationyeely: Strain interactions are subsonic, and
hence the device may be too slow for electronicggadnemory device. And the quadratic
dependence upon H will necessitate a complex @malgaence for rewrite operations [8 - 16].
Now one has to look for the material which exhibitsiltiferroic property not due to the

strain induced.

In view of this, PFN and PFW are the outstandingda#ates due to the origin of ME
coupling in them is a d — orbital mechanism [18Y}. making the solid solution of PFN and
PFW (PFN.x-PFW,), the effectively andT¢ can be tuned to RT or near RT, leading to RT

multiferroics.

Recently, the effect of addition of PFW (x=0.6) ¢me magnetic and electric
properties of PFN-PFW ceramics have been reported [7]. However, a sydiem
investigation, with increasing x on the magnetaelecproperties of PFN-PFW
multiferroics, has not yet been done. In this wé?kN, PFW and their solid solutions were
synthesized through modified solid state reactiod detailed studies on their structural,
magnetic and electric properties are investigatbedugh XRD and ND, bulk magnetization
(M-H loop), temperature dependent magnetizationsauer spectroscopy and ferroelectric
measurements. We hope that our work will be hélpfachieving a deeper understanding of
the medications on structure, electric and magmebperties in PFN,- PFW, and that such

a material can be used in RT and near RT magnetdelenultiferroic devices.

2. EXPERIMENTAL

2.1. Sample preparation technique



Polycrystalline samples of PENPFW, (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) were
prepared by a modified solid state reaction metuod relatively low sintering temperature
(<850 °C) and using high-purity (99.9%) ingredier®O (SD fine, India), R®3, Nb,Os
(Sigma Aldrich) and W@ (SD fine, India). The detailed synthesis methods tioe

preparation of PFN and PFW are reported elsewhi&relB].

2.2. Characterization techniques

To check the phase formation of the polycrystalsaenples, we used X-ray diffraction
(XRD) technique employing a high-resolution X-raiffractometer (Phillips 1070 model
with CuK, radiation £ = 1.5406 A). Fourier transform infrared (FTIR) spescopy is
performed by using Bruker Tensor 27. Scanning EdecMicroscopy (SEM) was used for
studying the microstructure and morphology of tampgles. The neutron powder diffraction
(NPD) measurements were carried out at UGC-DAE G&Rnhbai Centre, Dhruva reactor,
BARC Trombay India, using a PSD (Position Sensitivevice)— based focusing crystal
diffractometer. The 5mm diameter sintered pelle¢sennserted in a vanadium can and used
for the ND experiment. The neutron diffraction dai@s collected using a wavelength of 1.48
A at RT (300 K) and in the@range of 10to 110. TheFullprof suite programs [19] were
used for Rietveld refinement of the ND data. Ramspactra were collected at RT using
Ocean Optics ID Raman micro Raman spectrometer g@ion USA) with a backscattering
configuration and the excitation laser wavelengttvy@ nm and with an output power of
70mW. Magnetization studies were carried out on a vihgaample magnetometer (VSM)
attached to a physical property measurement sy&@erantum DesigiPPMS). Transmission
Mossbauer spectrum was measured at RT by usfi§@source (Rh — matrix, ~15 mCi)
mounted on a constant acceleration Moéssbauer tiowe SEE Co., USA and a proportional
counter. For the least — squares fitting of the sb@sier spectrum we used the computer
program NORMOSwritten by R. A. Brand [20]. The electrical mea=mments, thinned
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samples were used to make parallel plate capagp#ometry. The silver (Ag) paint used to
make electrodes and after fired at 100 - 150 °G@minutes. The ferroelectric loop (P-E)
tracer M/s Radiant Instruments, USA used for thesueement of RT ferroelectric (P-E)
loop and during the measurements, pellets were msedein silicon oil to prevent electric

arcing, if any, at high applied voltages

3. RESULTS AND DISCUSSION

3.1. XRD results: Structure and symmetry

Fig. 1(a - f) depicts the Rietveld refined XRD patis of PFh, — PFW, (x = 0.0, 0.2,
0.4, 0.6, 0.8 and 1.0) solid solutions at RT. \texa@s the formation of single phase perovskite
structure without any other secondary phases (@gochlore). The diffraction patterns were
indexed according to previously reported resuksmanoclinic structure for PFN and cubic
for PFW [21 - 24]. Achieving single phase is aidifft task especially in Pb based materials,
due to the easily formation of unwanted impurityapbs, like pyrochlores (ENbb,O-,
PbNROg 5) along with the perovskite phase. The formatiopwfchlore phase is the major
issue in Pb based system; it is due to the evaporaif Pb above 850C during the
annealing. To compensate Pb deficiency in the lagiperature processing, 10% excess PbO
was added to each composition. In order to pretfentPbO loss and to maintain required
stoichiometry, an equilibrium PbO vapor pressure wstablished with PbZg(as setter by

placing pellets in covered alumina crucibles.
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Figurel. Observed (red circle) and calculated (ooous black line) profiles of the X-ray
powder diffraction for PFN, PFW and solid solutiofie lowest curve (blue line) shows the
difference between experimental and calculatecepagt (a) x = 0.0, (b)) x=0.2 (c) x=0.4
(d)x=0.6 () x=0.8 and (f) x = 1.0 is showmed. (a) x = 0.0, (b) x=0.2 (c) x=0.4 are

themonoclinicstructure withCm space group and (d) x = 0.6 (e) x = 0.8 and €)1x0 are

the cubic structure withPm-3m space group.

Recently, we have reported [18, 25 - 27] the wiged refinement of XRD data for
PFN and PFW which confirms timeonoclinic(with Cmspace group) anclbic (with Pm3m
space group) structure for PFN and PFW, respegtividie Rietveld refinement on XRD
patterns of solid solutions of x = 0.2 to 0.8 wpesformed initially withmonoclinicstructure
(Cm) for x = 0.2 and 0.4 ancubic structure Pm-3m) for x = 0.6 and 0.8, which did not give

perfect fitting. Later, we assumed both monoclimied cubic phases co-existing with



different ratio for x = 0.2 to 0.8 solid solutioasd which shows better fitting. The detailed

structural studies are explained in next section.

FTIR spectra of solid solutions were recorded mrénge of 400 — 1000 ¢hand are
shown in Fig. 2. The strong absorption bands wbeewed around 400 - 560 rfor all the
samples and these bands are attributed to the rigpiadiid stretching vibrations of metal -
oxide bonds such as Pb — O, Fe — O, Nb — O and@\[28]. On increasing X, there was
significant shift of absorption peak around 500amd also a significant change in its shape.
This is due to the addition of W ion in between the- Nb/Fe — O bondsThis feature
confirms the perovskite structure. The morphologstadies of solid solutions were carried
out by scanning electron microscopy (SEM). The SEMrographs of representative solid
solutions with x = 0.0, 0.6 and 1.0 are shown i Bi(a), (b) and (c), respectively. From the
micrographs, average grain size was found to bem2fqr all the samples. In order to
investigate the RT crystal structure of solid sols accurately, we performed ND
measurements and deduced the structural paranusiars the standard Rietveld technique.
The atomic positions, coordinates of different cines, space groups and structural

parameters are summarized in Table |.

x=1.0
— x=0.8
— x=0.6
x=04
— x=0.2
— x=0.0

T T
400 600 800 1000 1200
Wave number (cm™)

Figure 2. FTIR spectra of PFN, PFW and solid sohi



EHT = 10.00 kV Signal A= SE2 Date :18 Apr 2013 EHT =10.00 kV Signal A = SE2 Date :18 Apr 2013
WD = 7.9mm Mag= 11.11 KX Time :19:39:08 WD = 82mm Mag = 18.68 K X Time :19:59:05

EHT =10.00 kv Signal A = SE2 Date :18 Apr 2013
WD = 82mm Mag = 23.88 KX Time :20:02:42

Figure 3. Scanning electron micrographs of solidtgm with x = 0.0 (a), 0.6 (b) and 1.0 (c).

3.2 Neutron diffraction studies

RT and low temperature ND data for x = 0.0 are riggbelsewhere [26] along with the
structure and existing magnetoelectric couplingulgh the spin lattice coupling. The RT ND
data were refined (nuclear structure) with the notin@ structure withCm symmetry. Figure
4 (a) shows the Rietveld refined data for all tb&dssolutions with the reasonable fitting
between the calculated and experimental data. Dteen@d lattice parameters are reported
elsewhere [26] and are in excellent agreement Withature reports [29]. There are four
atoms in the asymmetric unit with Fe/Nb, Ph,add Q, in this Fe, Nb and On (1b) sites at
(X, y, z), Pb (1a) sites at (0, 0, 0) andi®(2c) at (x, 0, z) in the monoclinic phase wi&m

space group. Figure 5(a) shows the polyhedral wkthie monoclinic structure at x = 0.0 RT.
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In order to confirm the co-existence of monocliard cubic phases, as observed from the
XRD studies, Rietveld refinement was performed an MD data for x = 0.2 to 0.8. It is
confirmed that the data could be well refined wathexistence of two phases with different
ratios compared to respective single phase refinenigitially, we assumed monoclinic
phase as dominant phase and cubic phase as miase for x = 0.2. The refinement results
shows that percentage of phase composition is @B&8% for monoclinic phase and
1.63(0.4)% for cubic phase. Similarly, for x = Owbnoclinic phase is 61.48 (0.7)% and
cubic phase is 38.52 (0.6)%, for x = 0.6 monoclphase is 12.25 (0.2)% and cubic phase is
87.75 (0.2)%, for x = 0.8 monoclinic phase is 7(8%)% and cubic phase is 92.12 (0.9)%,
respectively. Fig. 4 (b to e) shows the Rietvelthezl ND data for x = 0.2 to 0.8. In Fig. 4
the highlighted region shows emergence of new gaadund Z ~ 18.51), corresponding to
magnetic ordering, for x = 0.6, and the intensitpeak increases with increasing x (x = 0.8
and 1.0). It shows the evolution of G-type antrdemagnetic ordering with T (magnetic
phase transition from paramagnetic to G-type amtifeagnetic structure) at or above RT for
the compositions above 0.6. The observed magnetiections are (100), which can be

indexed by using the propagation vedter [v2 ¥2 ¥2] [29, 30 and 31].
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Figure 4. Room temperature NPD patterns for (a)ox0z(b) x = 0.2 (c) x = 0.4 (d) x = 0.6
(e) x = 0.8 and (f) x = 1.0 measured on FCD ugirgl.48 A. The Rietveld analysis of the
ND data is also shown in the figure. In the pangl(@ and (f), the magnetic peaks are seen
around 18.4°, 35.7° and 48.0°. In this figure, the fow of vertical lines indicates the
nuclear structure, the second row correspondsetdEM phase (k =% %2 %2).

Figure 4 (f) shows the refined RT ND data for PF\Wthwthe evident of reasonable fitting
between the calculated and experimental data. TheNR data and structural parameters
were reported elsewhere [18, 27]. The RT Rietvefthement were performed on ND data,
shows thecubic or pseudo cubic structure wiBm-3m symmetry. The atoms were fixed at

their special positions, for Pb (1a), for Fe/W (&by (3c) for O, respectively. The model for
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the cubic phase is typically observed in simple perovskitdsere, the two B - cations were
located at the same crystallographic 1b Wycko#ss{t2 ¥z ¥2), Pb atoms at 1a sites (000) and
O atoms at the 3c sites (¥2%2 0). In the octahedeahrtd W cations were distributed. The
obtained lattice parameters are reported elsewi&,e27] and shows excellent agreement
with other reported results [7, 18]. A polyhedredw of the cubic structure of PFW is shown

in Fig. 5(b) and Fig. 5 (c) show the obtained Getgmtiferromagnetic structure at RT.

N

Monoclinic (Cm) Cubic (Pm-3m) G-TypeAl.mferromagnetlc structure

-
¢ Al
! i _
‘\ './I—-'-—;_a
"3
QP a » o

»
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(a) (b) ©

;
.
5 .
.
o ©

Figure 5. (a) A polyhedral view of the monocliperovskite structure of Pb(5gNbg 5)O3 (X
= 0.0) at room temperature. (b) A polyhedral vievthe cubic perovskite structure of
Pb(Fe.sWo.33903 (x = 1.0) at room temperature and (c) G-type antiimagnetic structure at
RT for PFW.

3.3Phase transition from monoclinic Cm) to cubic (Pm-3m)

The PFEN and PFW solid solutions are the promisimgdaates for the RT or near RT
magnetoelectric multiferroics. From the resultsnafgnetic and ferroelectric properties, the x
= 0.2, 0.4 and 0.6 solid solutions shows near RGmatbelectric multiferroics properties

compared to other solid solutions (0.8 and 1.0).
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Figure 6. Zoomed ND raw data of PFN, PFW andat&lsolutions at selected2ange

showing nuclear structure peaks with different )nkdlices.

In order to understand the evolution of (113), (22B853) and (224) nuclear peaks the RT
ND raw data of PFNy — PFW, (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) is shown ig. B (a, b, c
and d) in the range 8% 20 < 113. With the increase of x there is a systematict shithe
peak positions toward the higher diffraction an@®) that could be due to the phase
transition and substitution of ions with differdonic radii at B-site. In this case ¥¢0.67
A), Nb>* (0.64 A) and W' (0.62 A) are the different ionic radii. With theciease of x, the
peaks associated with monoclinic phase (113), (2233) and (224) reflections show
systematic evolution towards cubic phase (310)0)3@32) and (420) in accordance with
the evidences of (a) anomalous broadening and asymnm peaks, (b) peak shift and (c)
increase of peak intensity and reduction in pedittisig were observed. It can be observed

that as the value of x increases, the cubic phases $0 appear. This confirms an evidence of
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existing phase transition from monoclinic to cubibe coexistence of monoclinic and cubic
phase i.e. the Morphotropic Phase Boundary (MPREXjsected at x = 0.6 composition for
PFN.x — PFW, solid solution. The above observed features in(fg) (c) and (d) are similar
to those of earlier reports in (1-x) [Pb{Nb;/2)O3] — x CaTiQ, (1-x) [Pb(Mg/sNby/3)Os] —

X PbTiG;, (0.85 - x) Pb(MgsNb,3)Os -0.10Pb(Fg,Nb;)Os - 0.05PbZrQ — x PbTiQ and

0.75 Pb(Fg3W13)02-0.25PbTiQ [32 — 35].

Table 1: Structural parameters, symmetries, phase fraatnagnetic moment and integrated
intensity of magnetic peak (I) of RT ND data refment for x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0

solid solutions.

Parameters 0.0 0.2 0.4 0.6 0.8 1.0
Symmetn Cm Cm Pm3m Cm Pm-3m Cm Pm3m Cm PriBm Pm3m
a (&) 5.6801(4 | 5.6665(2 | 3.9943(6 | 5.6605(1 | 3.9947(3 | 5.6656(1 | 3.9957(1 | 5.6539(4 | 3.9982(1 | 3.9776(3
b (A 5.6724(3 | 5.6569(2 | 3.9943(6 | 5.6623(2 | 3.9947(3 | 5.6182(1 | 3.9957(1 | 5.6094(1 | 3.9982(1 | 3.9776(3
c(B) 4.0273(3 | 4.0122(1 | 3.9943(6 | 4.0092(1 | 3.9947(3 | 4.0030(2 | 3.9957(1 | 4.0016(1 | 3.9982(1 | 3.9776(3
Phase (%) 10C 98.37(0.4 | 1.63(0.4 | 61.48(0.7 | 38.52(0.6 | 12.25(0.2 | 87.75(0.2 | 7.88(0.5 | 92.12(0.9 10C
B(°) 89.82(1) | 89.94 (1) 90 89.965(6 90 90.624([1) 90 580(4) 90 90
Magnetic structure with Propagation vector: k = {344 ]
Magnetic momen
W AFM 0.00¢ 0.00( 0.00( 0.67¢ 0.88¢ 1.00¢
Magnetic R factc
R Mag 0.00 0.00 0.00 28.9 14.8 22.6
Integrated Intensity 0.00 0.00 0.00 461.53 621.22 839.2
of magnetic peak

The existing phase transition furthermore evideniteth the two phase refinement of

solid solutions. The Rietveld refinements wereiedrout on PFN, PFW and solid solutions

by considering above parameters suchmasoclinic (Cm), cubic (Pm-3n) and monoclinic

(Cm) + cubic (Pm-3nm) phases. Initially, we performed Rietveld refineméy assuming

single phase witlCm symmetry for x = 0.2 composition. The same x =, 0elined by

considering initial stoichiometric ratio of 80%m and 20%Pm3m symmetry show best

fitting with reasonable R factors in two phasenefent. The refinement results for x = 0.2
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shows 98.37 (0.45) %m symmetry and 1.63 (0.01) #m3m symmetry. Then later on, the
same method was adopted for the refinement ohallother solid solutions. It is observed
that with the increase of x in PEN— PFW,, the % ofCm symmetry decreased afuin-3m
symmetry dominated. The results of existing phaga#s different x are tabulated in Table 1.
This structural phase transition from monoclir@rj to cubic Pm3m) symmetry from PFN

to PFW, is well corroborated with Raman studiesddssed in next section).

As expected, the ND patterns of x = 0.2 and 0.4vshanly nuclear (chemical) structure,
whereas x = 0.6 and 0.8 exhibits both magneticraradear structure at RT. As mentioned in
introduction, PFN and PFW show multiferroic propstbelow RT because either theiror
Tn is below RT Tc ~ 380 K andly ~ 155 K for PFN{T¢ ~ 150 K andly ~ 385 K for PFW).
The solid solution of PFN, - PFW, (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) is explonede to
achieve near RT multiferroic properties by tuniragihbT. and Ty to RT or above. Figure 4
clearly shows the origin of new peak (magnetic)ua 18.52 with x=0.6 and above in
PFN.x — PFW. The intensity of the peak gradually increasef wit 0.6 onwards. This is a
clear evidence of magnetic transition from paranetigrto antiferromagnetic occurring at or
above RT for x = 0.6 onwardslhe possible magnetic structure compatible with the
symmetry have been determined with the aid of thgresentation analysis technique
described by Bertaut [36] by using the program Bxes contained in the FULLPROF Suite
package [30]. The originated magnetic peak in Isotld solutions could be indexed using G-

type AFM structure with the propagation vector k% ¥2 %2 ).

3.4Raman spectroscopy

Raman scattering spectroscopy is an effective tooktudy the local structure of
materials. The room-temperature Raman spectra Bf.RPFPFW (x = 0.0, 0.2, 0.4, 0.6, 0.8

and 1.0) solid solutions are shown in Fig. 7 (& The Raman spectrum of PFN contains a
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series of broad overlapping bands, which is typafadamples with monoclinic phase [37].
According to the factor group analysis the monacliPFN has 10 Raman modes of
symmetry that are 242.7, 281.1, 343.3, 402.8, 43188.6, 574.2, 695.5, 780.0, and 858.2
cm?, respectively, which can be ascribed to the Alg, FElg, 4F1u, 2F2g and F2u optical
phonon modes for a simplified cubic perovskite AB&itice in three dimensions with two
types of cations at B-position [38]. Among theseepRaman active four modes are the Alg,
Eg and 2F2g phonons, and the rest become visibRaman spectra due to local structural
distortions with respect to the ideal lattice. pproximate assignment of the modes in the
Fig. 7 (a), made according to previous studieshdfdPsNby sO; at ambient pressure [39, 40],
and also Pb-based relaxor oxides [41-44]. The aisalyas done on the basis of previous

reports on pure PFN and similar Pb based systefjs [4

The modes, located in the region 700 — 850 correspond to symmetric and asymmetric
stretching vibrations of oxygen octahedra arountNBetoms of Nb — O — Nb (Alg — 780.0
cm™), Nb—O (Eg — 858.2 cif), and Nb — O — Nb (F1u — 695.5 ¢jrsymmetry corresponds
to monoclinic phase. The region of 400 — 530'@mrresponds to the bending O - Fe/Nb - O

vibrations of F2g (574.2 ¢ and Flu (486.6 and 431.7 ¢jrsymmetry.
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Figure 7. RT Raman studies on (a) x = 0.0, (b)Xx2=(c) x =0.4 (d) x = 0.6 (e) x = 0.8 and
(H x=1.0.
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The modes at the region of 200—400 'ame related to Pb - O bond stretching vibrations of
F2u symmetry (402.8 cm), Fe/Nb-cation localized mode of F1u symmetry (2&im%), and

the rotational mode of Fe/NbgOctahedra of F1g symmetry (242.7 tm

Figure 7 shows that room temperature Raman spett&N and it is well matching with
the reported Pb based relaxors [40-42] and wherditbad peak at 780 to 791 ¢nis well
distinguished from the other modes. The modes éaocan the region 700 — 850 chn
correspond to stretching vibrations of oxygen oetla around Fe/Nb atoms or Nb — O — Fe
(stretching mode) ofyy (790 — 800 cm?), E, (849.3 cm'), and Fy, (690 - 700 crt)
symmetry in correlation with the Pb(IMgNb23)03, Nb — O — Mg stretching mode [43, 44],
being a characteristic peak in the Pb — based ampérovskite structure relaxors. The
broad region of Raman shift 400 — 530 ¢rinvolves the bending O — Fe and Nb - O

vibrations offFy, (558.0 cm*) andFy, (473.6, 429.2 ciit) symmetry.

From the refinement of ND data found that, Pb (Deadever in its ideal Wyckoff position
[45, 46] and also, the B site cations {Fand NB*) local ordering within a disordered matrix
[47] and it is well supported by the Garcia —Floe¢sal. [39] report. The presence of'Fe
cations in the octahedral B site, possible indimetgnetic nature of these modes can be
considered since PFEN presents, in addition to éentric and magnetic properties, which is
responsible for the peak at 791 ¢mindeed, this magnetic ordering is cause of spmutas

magnetostriction, through the atomic displacements.

As can be clearly seen in Fig. 7 (b - e), the garespects of the Raman spectra show
a marked change with the increase of x in RENPFW,. It indicates that a continuous
change in symmetry (i.e. monoclinic—pseudocubiciecyihase) [47, 48]. The observed
changes clearly indicate a change at the octahsitea]38, 48, 49]. The main mode~af80

to 835 cm' is shifted by varying x from 0.2 to 0.8, whichdse to the Nb — W — O — W — Fe
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stretching mode and it is a characteristic peaRlwbased complex perovskite series. Also,
the stretching modes of Nb — W — O — W — Nb (F1695.5 cm') were disappeared on
increasing x. Hence, it confirms the conversiomoi-centrosymmetric to centrosymmetric
phase. The region around 400 to 530 (486, 431, 4088)281, 242 cih stretching modes
were disappeared on x = 0.6 and onwards. Hencs, ithithe evidence of existing
centrosymmetric cubid@m-3m) phase. At x = 0.2 to 0.8 solid-solutions has batimoclinic

(Cm) and cubic Pm-3m) features.

Figure 7 (f) depicts the Raman spectra of x = hd @bserved an broad intense A — mode
at 850 cm* which is the stretching mode of Be O — W*® bonds corresponds to the cubic
structure withPm3m space group. Around 380 — 432 ¢mwell-pronounced broad peak
near the B@octahedral B - mode, indicates the stretching betwr&® — O — F&* and W*° —

O — W[50, 51]. The near 268 cthis B-mode band and related to the localized Boaati
The phonon modes are related to the oxygen-lochB@; rotational mode might contribute
to the band near 200 — 298 ¢niThe band around 700 chelearly indicates the evidence of
antisymmetrical B@ bending or translation modes in which phonon moales oxygen-
localized. The x = 0.2 and 0.4 shows similar betwavof PFN, the shift is very small and x =
0.6 and 0.8 shows the similar behaviour of PFWs Inhore evidenced from the highlighted
region and tick mark show in Fig. 7 (a) — (f) faranging the symmetry and phase transition

from monoclinic to cubic.
3.5Magnetic properties

The magnetic hysteresis loops of RRN- PFW, for x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 solid
solutions as shown in the Fig. 8. Slim hysterésips were found for x = 0.0, 0.2, 0.4 and
0.6 solid solutions, however the clear apprecialyi&eresis loops were observed for x = 0.8

and 1.0. An improvement in coercive field and sation magnetisation were observed with
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increase in x. From the above results, it is cleednfirmed that the x = 0.0 and 1.0 exhibits
the weak ferromagnetic ordering with small openafigoops [52] at RT with paramagnetic
and antiferromagnetic phases, respectively [18]e Diacurrence of weak ferromagnetic
ordering is due to the disordered antiferromagrieteractions through — Ee— O — F&" —
superexchange paths and ='FeD — W — O — F& — super — super — exchange paths in the
present samples [53]. However, from the magnetnaturves, it is evident that the sample is
not a conventional antiferromagnet. In fact, igiste probable that the Fe- rich islands
present uncompensated magnetic moments, resuhing weak - ferromagnetic (WFM)
behavior, which gives rise to a net magnetizatioadch island, manifested as a macroscopic
magnetization of the solid solutions [54]. Fig.n8et shows the enlarged view of M-H loops

near origin showing clear coercive field, whichnsreases with x.
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Figure 8. Magnetization hysteresis (M—H) loopga)fx = 0.0, (b) x=0.2 (c) x =0.4 (d) x =
0.6 (e) x =0.8 and (f) x = 1.0.
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From the XRD and ND data, it is confirmed that éhex no evidence of coexistence
of FeOs - related phases (secondary phases) with the glate\structure. This confirms that
the observed magnetic responses must be assotiated perovskite PFN and PFW pure
phases. The x = 1.0 pure PFW is known [7, 18] talekantiferromagnetic behaviour above
the RT and it is clearly evidenced from the observeH loop results (with well saturated

remanence and coercive field).

Figs. 9 (a - f) depict the results of magnetizatias a function of temperature (M(T))
measurements, with maximum applied field of 500fGeall the solid solutions in zero-field
cooled (ZFC) and field cooled (FC) modes. From Nt&) measurements, it is observed
that, the Néel transition temperatufig ) of both PFN and PFW is around 155 K and 350 K,
respectively and it is well matched with the earteports [17, 18, 25 — 27, 29, 39]. In fact,
two types of magnetic ordering have been observesh the temperature dependence of
magnetization (Fig. 9 (a to f)), which arise fronffetent magnetic interactions: a strong
superexchange interaction between th& FeO — F&" at Tyy ~ 155 K (for x = 0.0), this
interaction cause by the origin of a G-type antderagnetic structure. The another weak
superexchange interaction between th& F€O — W — O — F& , caused by local short range
order in the B site, which is responsible for theraaly aroundy,; ~ 20 K (for x = 0.0). The
low temperature magnetic ordering occur in the ealf Tyo ~ 20 K, while the high
temperature ordering, referred to antiferromagnietiparamagnetic transition @&, ~ 155,
194, 288, 295, 310 and 350 K for x =0.0, 0.2, 0.8, 0.8 and 1.0, respectively. Intriguingly,
on increasing X, the Néel temperatuf@)(shifted drastically from 155 K to 194, 288, 295,
310 and 350 K, respectively. The anomaly at beléW2n the ZFC (M-T) curve is known to
be spin glass freezingT{) behaviour [17] in all the samples. The Fig. 1M®wé the
systematic shift ofTy towards RT (155 — 350 K). The observed shift iases with

increasing x. This shift oy corroborates with the tuning @iy in PFN and PFW solid
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solutions and it is comparable with recent repaortRio(Fe, M) (Zr,Ti)1-xOsz [M =Ta, Nb]

[11].
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Figure 9. ZFC and FC curves for (a) x = 0.0, (&2 (c) x =0.4 (d) x=0.6 (e) x =0.8 and
(H x=1.0.
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3.6 Méssbauer spectroscopy

Mossbauer spectral studies also reveal diffeneagnetic ordering. The Mdssbauer
spectra for x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0slm@wn in Fig. 11 (a to f). The extracted
Mossbauer parameters are listed in Table Il. TheM®Esbauer studies for x = 0.0 and 1.0
are reported elsewhere [9 and 43] and are wellmregavith the other reports [5, 52, 55, 56].
The spectra shows the magnetic signature whictesponds to disordered ¥dons inCm
symmetry for x = 0.0 andPm3m symmetry for x = 1.0 and with two different
crystallographic environments for x = 0.2, 0.4, @& 0.8. Fig. 11 (a) shows the x = 0.0
Mdossbauer spectrum confirmed no magnetically gglittoublet at RT implying that there are
no significant internal magnetic field of the sam(plee to thely ~ 155K) [26, 50, 51]. The x
= 0.0 is fitted by a single quadrupole doublet eristing doublet is due to the ¥éons in an

octahedral environment. The non-zero electric quaale splitting demonstrates that the Fe
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and Nb ions occupy non-cubic off-center sites aed@andomly disordered around the B sites

of the perovskite octahedra.
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Figure 11. RT Moéssbauer measurements on (a) 8,Xl).x = 0.2 (¢) x=0.4 (d) x = 0.6 (e)
x=0.8 and (f) x = 1.0.

The Mossbauer spectra of x = 0.2, 0.4, 0.6 andl@08vs increased magnetic ordering
with increasing x. It is expected that x = 0.0, &2l 0.4 are paramagnetic in nature at RT and

it is well reflected through the doublets, whictaiso in accordance with the earlier report on
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x = 0.0 [52]. The x = 0.2, 0.4 and 0.6 are fittedasingle quadrupole doublet and x = 0.8
was fitted with two quadrupole doublet. Though NDH loop and M(T) results show the
origin of magnetic ordering at RT for x = 0.6, IMidssbauer results does not show any sextet
features. It may be due to the highly ordered pagamatic phase along with existing weak
AFM magnetic ordering and x = 0.8 shows the orwfisextet, due to the increased magnetic
ordering. But the width of the doublet is increasethpared to x = 0.2 and 0.4. The observed
isomer shift is decreased with increasing x. Tloeisr shift depends on s-electron density at
the nucleus. If the density of s electron is sntaf#n isomer shift will be small and
corresponding oxidation states naturally be lafides suggests that, with the increase in x
the conversion of Fé to F&* becomes more prominent. Also hopping of electmm®ng
Fe'? to Fe* states is responsible for conduction and ferrdetelbsses in the samples and it

is well supported from the ferroelectric loops ¢dissed in next section).

The Mdossbauer spectrum of the x = 1.0 at RT (Fif.()) was fitted with a
distribution of magnetic hyperfine fields, R{(B The hyperfine field distribution is shown in
the right hand side of Fig. 11 (f). The obtaineeérage isomer shift (IS), quadruple splitting
(QS), corresponds to the ¥éons in an octahedral environment [55]. The avenaggnetic
hyperfine field is ~ 25.% 1.0 T. The broad hyperfine field distribution, R{§Bindicate that
the environments of the Fe-ions are not the samg,pgerfect compositional ordering is not

achieved in the studied sample.

P(Bx) for x = 0.8 and 1.0 is very similar to that dfietearlier report by Raevskii et al.
[55], where they fit the spectrum with a superpositof two sextets and a central
(paramagnetic) doublet. From the R®f x = 0.8 and 1.0, it is also clear that, alevith the
broad magnetic hyperfine field distribution, thenests a paramagnetic part, Fig. 10 (f)).

Previously, Venevtsev et al. [56] reported a simBpectrum consisting of two sextets

26



observed after firing the x = 0.0 ceramics in oxygehile the spectrum consists of a single
sextet for a sample fired in air. The existence single sextet was due to fully disordered
arrangement of B& ions, while the two sextets in a Mdssbauer spectior x = 1.0 was
associated with a partial disordering of Fand W* ions. The formation of two magnetic
subsystems might be due to non- equivalent suriagraf iron ions in partially ordered and
disordered regions. We too believe that, therearsigd disordering in all our samples, which
gives rise to the broad hyperfine field distribuatid’(By), particularly x = 0.8 and 1.0. The
observed results confirm that there are regionsravilee Fe atoms are compositionally

disordered. These results well supports to the M loops and M(T) results.

Table 2. Hyperfine parameters obtained from Mossbauer spedEq-quadrupole splitting,

d-isomer shiftI" — line width,By,s -magnetic hyperfine field.

Sample  Subspectrum AEg (mm$) 5 (mms) T (mms) By (T)

0.0 Doublet 0.3754 0.3040 0.3380 0.0
0.2 Doublet 0.4355 0.3015 0.3916 0.0
0.4 Doublet 0.4666 0.3165 0.4856 0.0
0.6 Doublet 0.5273 0.3004 0.4884 0.0
0.8 Sextet 0.4450 0.2030 0.5029 13.54
1.0 Sextet 0.4299 0.6387 0.5228 25.24

3.7 Ferroelectric loops studies

The electric field induced polarization switching-KP behavior was studied at low
frequency (20 Hz) utilizing Sawyer-Tower experinarget up. The RT electrical hysteresis
loops for x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 sedutions are shown in Fig. 12 (a - f). The
ferroelectric loops exhibit leaky behaviour. Thesdue to the presence of mixed valence for
Fe (Fé% and Fé&% which makes the samptenducting through hopping of electrons from

Fe' to F€3. The mixed valence of Fe is proved from the Moasbaesults. The existence of

27



ferroelectricity for PEN rich samples (x=0.0 an@)0in PFN.x — PFW, solid solutions is
evidenced through nearly saturated polarizatiorvesjrwhich show the RT ferroelectric

nature (&t ~ 385 K for PFN).
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Figure 12. Polarization hysteresis (P—E) loopsapk(= 0.0, (b) x =0.2 (c) x=0.4 (d) x = 0.6
(e) x=0.8 and (f) x = 1.0.

Though, this P versus E loop is suggestive of émmélectric nature, however complete
saturation of the polarization is not achieved ighér electric fields compare with recent
reports on PFN, PFT, PFW and PZT solid solutions I8]. This may be due to the higher
conductivity associated with the samples. Howewh increase in x, the ferroelectric loops
become more broad and leaky as the Fe conteng & #iite of the sample increase from 50%
for x = 0.0 to 67% for x = 1.0). Importantly, therfoelectric E, for x = 0.0 is around 350 K,
after the solid solution with PFW, at x = 0.2 thei3 expected to decrease from 350 K to 300
- 325K. Improved ferroelectric properties may be do the reduction of oxygen vacancies.
In case of x = 0.4 and 0.6 also, we expected sirhgaaviour in PE loops, but we did not see

as expected due to the being shifted to below RT. Unfortunately all oueasurements are
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done at RT. However, further low temperature mesments are required to understand the

ferroelectric mechanism.

This indicates that the PFW can dilute the ferrcteie properties of the solid solutions by
incorporating in to the ferroelectric matrix. Théher reason for the leaky behaviour in the
samples may be due to the presence of oxygen viasasong with mixed valance states of
B-site cations, which is likely to exist iIABO; type perovskite ferroelectric materials [18,

57].

4. Conclusion

In summary, PRN PFW, single-phase solid solutions are successfullylsggized by
solid-state reaction route (single step and coltentmiethod). The structural, microstructural,
phase transition, magnetic and ferroelectric prioggf solid solutions are investigated. The
results of ND and Raman scattering spectra show; RPRW; solid solutions undergo a
structural transition from monoclini€m) to mixed (monoclinic@m) + Cubic Pm-3m)) or
pseudo-cubic to CubicPm3m) phase with increasing x. The SEM analysis showdgo
crystallinity and the aggregation of micrometeresizarticles of about 2 pm. The magnetic
phase transition from paramagnetic to G-type amtifeagnetic observed at or above RT for
x = 0.6 and onwards, which also coincides with &tmal phase transition. The magnetic
structure were found to be G-type antiferromagnédicx = 0.6, 0.8 and 1.0. Magnetic
hysteresis loops were observed for all the solldtems and found that increasing x content
the magnetic ordering has increased. The RBANFW; solid solutions show systematic
tuning of Ty with increasing x. Thdy of 155 K for x = 0.0 value increased systematycall
with x, to 194 K, 288 K, 295 K, 310 K and 350 K [foespectively. As like §, we expect the
Curie temperatureTg) of solid solution shift from 380 K (x=0.0) to 130 (=1.0) with

increasing X. The expectdd for x=0.2, 0.4, 0.6, 0.8 and 1.0 is 310 K, 27(2R0 K, 180 K
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and 150 K, respectively. However for one or two gls, in this study, théy andT¢ value
might show near or above RT and hence may qualfyRa multiferroics. Further
temperature dependent dielectric constant anddiectric studies are required to confirm the
shifting of Tc. Mdssbauer spectroscopy results show good agréemigh magnetic
properties of the samples measured through PPM&.PHN shows paramagnetic doublet
whereas sextet for PFW with antiferromagnetic anderBy increasing x, the width of the
line and isomer shift shows a systematic changexF0 0.8 and 1.0 the spectra shows the
sextet, confirms the existing antiferromagneticenrat RT and the origin of magnetism in the
sample is due to the Fe Ferroelectric measurements show hysteresis witkyl behaviour.
The increase of x in PRN- PFW is indirectly diluting the ferroelectric propewief PFN.
The increased leaky behaviour with x is directiated to the increased Fe content with
mixed valence and hence to the conductivity ofdample. Coexistence of biferroic nature
i.e., ferroelectric and antiferromagnetic propertod PFN.«- PFW solid solutions open the
possibility to explore this family of materials wehi may exhibit the magnetoelectric effect at

near RT or RT and which show potential for futubeldased spintronics applications.
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Highlights

RT neutron diffraction studies on PENPFW (x = 0.0 to1.0) multiferroics
Composition dependent changes in nuclear and magteicture.

On increasing X, system exhibit a gradual phasesifian from monoclinic to cubic
Supporting Raman, magnetic, Méssbauer and ferroiglestudies

Augmentation of Néel temperaturfj from 155 K to 350 K on increasing x



