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Abstract. Ceramic samples of the multiferroic perovskite Pb(Fe1,IScz)2/3W1/303 with 0 < z < 0.4 have
been synthesized using a conventional solid-state reaction method, and investigated experimentally and
theoretically using first-principle calculations. Rietveld analyses of joint synchrotron X-ray and neutron
diffraction patterns show the formation of a pure crystalline phase with cubic (Fm3m) structure with
partial ordering in the B-sites. The replacement of Fe by Sc leads to the increase of the cation order
between the B’ and B” sites. As the non-magnetic Sc®* ions replace the magnetic Fe3T cations, the
antiferromagnetic state of PbFey;3W 1,303 is turned into a ferrimagnetic state reflecting the different mag-
nitude of the magnetic moments on the B’ and B” sites. The materials remain ferroelectric relaxors with
increasing Sc content. Results from experiments on annealed and quenched samples show that the cooling
rate after high temperature annealing controls the degree of cationic order in Pb(Fe1,zSCz)2/3W1/3Og

and possibly also in the undoped PbFe;/3W;/303.

1 Introduction

The search for new multiferroic (MF) materials is driven
by the hope to find materials that can be used for
the transformation of a magnetic signal to an elec-
tric response, and vice versa [1-3]. The most promising
candidate materials for such applications are double per-
ovskites [4-6]. PbFey/;3W;,303 (PFWO) belongs to the
family of Pb-based 2:1 perovskites combining magneti-
cally active Fe3* cations with ferroelectrically active W6+
cations [7,8]. PFWO exhibits relaxor ferroelectric [9-12]
behaviour between 150 K and 200 K and antiferromagnetic
(AFM) order with a Néel temperature TN of approxi-
mately 350 K. An interesting peculiarity of the PFWO
system in comparison with other MF perovskites is that
the presence of Fe3* with an occupancy of 2/3 on the
B-octahedral sites of the perovskite cells leads to one of
the highest magnetic ordering temperature in double per-
ovskites [5]. It is generally accepted that the Fe3T and
the W6 cations are nearly randomly distributed at the
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B-site so that there is no long-range structural ordering
[9-11]. Although PFWO remains in focus of the atten-
tion of the scientific MF community [13-16], it has still
limited use in applications due to several reasons such as
the formation of secondary phases during synthesis, weak
magnetic characteristics, and a wide difference in ferroic
transition temperatures [14,16]. In the last few decades,
several attempts have been made to modify the properties
of PFWO by substitutions at the 4 or (and) B crystal-
lographic sites. A long-range ferroelectric order may be
introduced by alloying PEWO with rare earth elements
and transition metals. Results from studies using various
solid solutions have been reported, for instance, by A-site
substitution with Ba?*, Sr?*  Ca?* and La3*t [17-21] and
B-site substitution with Ni?*, Mg?*, Co?*, Cr®t, Mn3t,
Ti**, Zr*t+ [21-37], or addition of PbTiO3 [38-40]. These
studies show that cation doping is an effective method to
tune the magnetic and dielectric properties of PEFWO.
One way to tune the magnetic properties of PFWO
is to control the degree of ordering of Fe?t and W6*
cations as this leads to a change of the number of magnetic
ions in neighbouring cells. Promising results were reported
in the case of Sc doping [41,42]. Furthermore, although
major advances have been made in optimizing PFWO for
a variety of applications, several fundamental aspects of
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their behaviour, in particular, the nature of the composi-
tional ordering and its relation to the relaxor properties,
have remained poorly defined and somewhat controver-
sial [43-46]. The aim of the present work is to clarify the
effect of substitution of Sc3t for Fe3* on the structural,
magnetic, and dielectric properties of PFWO. Phase-pure,
stoichiometric Pb(Fe;_;Sc;)2/3W1/303 (PFSWO) sam-
ples were prepared. The structural, dielectric and mag-
netic properties of quenched PFSWO samples have been
investigated using a combination of X-ray synchrotron
and neutron powder diffraction, magnetometry, dielectric
spectroscopy and electron microscopy, with focus on com-
positions z = 0.1, 0.2, 0.3 and 0.4. Doping with Sc for Fe in
PFWO is found to promote the ordering of the Fe(Sc) and
W cations on the B site and large excess moments accom-
panied by narrowing of the ferroelectric relaxation. Cation
ordering in the undoped PFWO system is also discussed.

2 Experimental

2.1 Sample preparation

Ceramic samples of Pb(Fe;_,Sc;)2/3W1/303 (0 <2 <1)
(PFSWO) were prepared by a traditional multiple-step
solid state reaction method in air and vacuum (1072 atm)
[47,48]. Stoichiometric amounts of reagent grade PbO,
Feo O3, Sco03 and WO3 of purity 99.9% or higher, were
used as precursors. The mixtures were ground by hand
in an agate mortar and pressed into pellets, which were
placed in a platinum crucible covered with a lid and then
preheated for 4 h at 800°C. A PbO-rich atmosphere was
maintained to prevent Pb volatilization during sintering.
This was achieved by performing the synthesis in closed
crucibles, placing inside an additional amount of PbO (up
to 10wt.%). The samples were weighed before and after
heat treatment to determine possible Pb loss due to evap-
oration. In all cases, the weight difference was negligible
(<0.01%). With increasing Sc content, the firing temper-
ature was increased from 850 to 970 °C. The samples were
fired for a total of 10 h and then furnace-cooled. The firing
products were ground into powders, which were pressed
at 15 MPa into cylindrical disk shapes, 10 mm in diameter
and 1-3mm in thickness. These disks were then sintered
between 850 and 970°C for 4h. The reaction mixtures
were examined using XRPD patterns and the reaction
was judged to be complete when the pattern could be
indexed as a single phase or when further heating caused
no discernible change in the diffraction profile. Before
any measurements, a surface layer was removed from
the samples by sandpaper and possible secondary phases
were leached away in warm 10% diluted HNO3.

A series of PFWSO pellets of composition = = 0.1, 0.2,
0.3, and 0.4 were subjected to special heat treatment.
In the final stage of the preparation, they were kept at
between 850 and 970°C for 76 h and then cooled by dif-
ferent protocols. One set of pellets was removed from
the furnace at the above mentioned temperatures and
rapidly cooled to 295K by placing them on a massive
steel plate (quenched samples) and another set was slowly
cooled (1°C/min) down to 295 K (annealed samples). The
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present study focuses on the properties of the quenched
samples of PESWO. Results on the annealed systems were
recently published in [47,48].

The chemical composition of the samples was checked
by scanning electron microscopy (SEM), and X-ray energy
dispersive spectroscopy (EDS) analyses. Mossbauer spec-
troscopy, and dielectric and magnetic measurements were
performed on selected samples (see Supplemental Materi-
als for experimental details).

2.2 X-ray powder diffraction

The phase formation and impurity levels of the synthe-
sized ceramics were examined by using X-ray powder
diffraction (XRPD). The patterns were obtained with a
D-5000 diffractometer using Cu K, radiation. The ceramic
samples of PESWO were crushed into powder in an agate
mortar and suspended in ethanol. A Si substrate was cov-
ered with several drops of the resulting suspension, leaving
randomly oriented crystallites after drying. The XRPD
data for Rietveld analysis were collected at room tem-
perature on a Bruker D8 Advance diffractometer (Vantec
position-sensitive detector, Ge-monochromatized Cu K1
radiation, Bragg-Brentano geometry, DIFFRACT plus
software) in the 20 range 10-152° with a step size of
0.02° (counting time was 15s per step). The slit system
was selected to ensure that the X-ray beam was com-
pletely within the sample for all 26 angles. The XRPD
patterns were analysed with the Rietveld profile method
using the FULLPROF program [49]. The diffraction peaks
were described by a pseudo-Voigt profile function, with a
Lorentzian contribution to the Gaussian peak shape. A
peak asymmetry correction was made for angles below
35° (26). Background intensities were estimated by inter-
polating between up to 40 and 50 selected points.

2.3 Synchrotron X-ray powder diffraction

Synchrotron X-ray powder diffraction (SXRPD) was car-
ried out at the P02.1 beamline at DESY in Hamburg,
Germany [50]. The wavelength was determined as
0.207109A by using a Si standard. A PerkinElmer
XRD1621 detector and an exposure time of 1s per diffrac-
tion pattern, and summing 10 patterns, was used for data
collection during the experiments. The samples were mea-
sured in 0.5 mm quartz capillaries, using a sample spinner.
The Fit2d program was used for data reduction from 2D
images to 1D diffraction patterns [51].

2.4 Neutron powder diffraction (NPD)

Due to significantly different neutron scattering length
of Fe, Sc and W (bpe = 9.45fm, bs. = 12.29fm, by =
4.86fm) [52], NPD technique is an appropriate tool to
analyse the occupation order on the B-site of the studied
perovskites. The neutron scattering length of oxygen
(bo = 5.805 fm) is comparable to those of the heavy atoms
and NPD provides accurate information on its position
and stoichiometry. NPD patterns at selected temperatures
within the 4-900 K interval were collected on the NPD
instrument MEREDIT@NPI (Nuclear Physics Institute
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CAS, Czech Republic) using a neutron wavelength of
1.46 A. Powder samples in vanadium containers were
placed inside a close-cycle cryostat or a vacuum furnace
for measurements from 4K to room temperature and
from room temperature to 900 K, respectively. In all cases
data were collected in an angular 20 range from 4 to 144°
with a step of 0.08°. An instrument resolution function
(IRF) describing the instrument profile function obtained
from pattern fitting of a SiO5 standard using the same
monochromator setting was used during the Rietveld
refinement. The NPD experimental diffraction patterns
were analysed with the Rietveld profile method using
the FULLPROF program [49]. A peak asymmetry cor-
rection was made for angles below 65° (26). Background
intensities were estimated by interpolating between up
to 50 selected points. Symmetry analysis to determine
possible spin arrangements was done using the Bilbao
Crystalographic Server [53] and BASIREPS software [49].
All available magnetic symmetries were checked by fitting
of low temperature NPD data. Additional NPD data for
quenched PFWO sample were collected at the Swedish
Research reactor R2 at Studsvik at 325, 350, and 450 K
(a wavelength 1.470 A). Corrections for absorption effects
were subsequently carried out in the Rietveld refinements,
utilizing the empirical value mg = 0.083cm™'. The step-
scan covered a 20-range 4-139.928 with a step-length of
0.088. Each experiment lasted for 15 h.

Since Mossbauer spectroscopy has provided strong
support for the existence of Fe in the trivalent state
in PFSWO samples [47,54], the magnetic structure was
refined using a calculation of magnetic moments for
selected Fe3T cations within the nuclear model. Sev-
eral magnetic models were tried in the refinement, each
employing one additional refinement parameter, corre-
sponding to the magnitude of the magnetic moment.

2.5 Joint refinement of SXRPD and NPD patterns

To resolve the complexity of calculation of atomic ratio
on two independent crystallographic sites occupied by
three atoms, a joint Rietveld refinement of SXRPD and
NPD data at room temperature was employed. X-ray
diffraction signal from B-sites is dominated by W atoms
whereas the neutron signal is dominated by Sc and Fe
atoms. By a combination of both radiations, more pre-
cise results were obtained in comparison to the individual
refinements. The FULLPROF program was employed to
carry out these joint refinement with the same profile
settings as used in separate refinements. Obtained occu-
pation factors for B-site cations were then fixed and used
further in all refinements of NPD patterns at low and high
temperatures.

2.6 Theoretical modelling

In order to clarify the influence of Sc doping on structural
and magnetic properties of PESWO theoretical investiga-
tions were performed. First-principles density functional
theory (DFT) calculations were performed using the
VASP package [55] based on plane wave basis set and pro-
jector augmented wave method [56]. For the treatment of
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exchange-correlation, Perdew-Burke-Ernzerhof [57] gener-
alized gradient approximation (GGA) has been consid-
ered. In order to include strong electron correlations, a
static mean-field approach (GGA+U) [58] commonly used
to describe the electronic structures of correlated oxides
[59] was employed. We have considered the U value of
4eV for the Fe-d electrons [60] while the exchange inter-
action Jyg was kept as 0.9eV. The geometries were relaxed
until the forces on all atoms were reduced to 15meV/A.
A plane-wave energy cut-off of 400eV was used, and a
10 x 10 x 3 Monkhorst-Pack k-points mesh was used for
Brillouin zone integration for the geometry relaxations
and a 15 x 15 x 5 k-points mesh for the calculations of
the total energies. Regarding the magnetic structures, we
have considered both ferromagnetic (FM) and antiferro-
magnetic (AFM) alignment of Fe moments. For AFM
structures, we considered magnetic structures close to
G-type as much as possible.

3 Results

3.1 Sample characterization

After multiple grinding and heating cycles, the XRPD
patterns collected from the PFSWO solid solutions were
invariant, indicating that no further reaction was occur-
ring. From inspection of these patterns, it was evident
that there are three ranges in this composition series
of compounds: single phase samples were obtained at
each end of the compositional series and a two-phase
region exists between them. Multiple attempts were made
to convert two-phase samples into single phases, with
repeated synthesis, alterations of heating temperature and
rapid cooling but in most of the cases, two-phase samples
resulted. Only the above-indicated quenching procedures
provide single phase PFSWO samples. The lattice con-
stant increases for higher Sc content. This behaviour can
be correlated to a greater radius of Sc®t (0.745A), as
compared to that of Fe? (0.64 A) [61]. For a given com-
position, the volume of the cells generally decreases with
increasing sintering time. This could be due to improved
cationic order and a decreasing number of antisites.

3.1.1 Annealed samples

The position and intensities of the reflections in the
XRPD patterns of the annealed samples were consis-
tent with those expected for PEFWO and PFSWO-based
solid solutions with cubic perovskite structure [41,42,47].
Reflections from secondary phases were not detected in
the XRPD patterns. Structural refinement studies of the
annealed XRPD powder diffraction patterns of PFSWO
with z < 0.05 confirm that these samples stabilize in
cubic Pm3m symmetry at room temperature, which is
in accordance with earlier studies [47]. For samples with
0.05 < x < 1, a set of additional superstructure reflec-
tions was found and the crystal structure of PFSWO
stabilizes in cubic F'm3m symmetry, with the cell dou-
bled in all directions in comparison to that of the Pm3m
structure. Thus, the addition of more than 5at.% Sc to
PFWO leads to B-site cation ordering (introduction of
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Table 1. Results of Rietveld refinements of XRPD patterns for annealed Pb(Fe;_;Scy)2/3W1/303 samples

(0.1 <z <04).
T Phase 1 Phase 2 Phase composition Ry, Rup, RB1, RB2
Pm3m Fm3m Pm3m/Fm3m
a (A) a (A) (%)
0.1 3.9837(6) 3.9794(6)x2 34.8/65.2 (0.3) 5.63, 7.31, 5.09, 6.67
0.2 3.9986(5) 3.9883(5)x2 26.6/73.4 (0.3) 5.14, 7.06, 4.78, 6.83
0.3 4.0019(5) 3.9904(5)x2 21.4/78.6 (0.3) 5.25, 7.17, 4.91, 7.03
0.4 4.0093(6) 4.0011(6)x2 15.8/84.2 (0.3) 4.96, 6.98, 5.01, 7.11
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200000 4.08
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Fig. 1. (a) Two-phase refined XRPD pattern for the annealed Pb(Fe1_»Scz)2/3W1,303 sample with & = 0.4, illustrating the
respective reflections from Pm3m and Fm3m phases (see Tab. 1 for phase composition). (b) Lattice parameters observed from
XRPD data as a function of Sc concentration x for annealed Pb(FelfzSCz)Q/gwl/gog samples; the Fm3m lattice parameter is
plotted as a (Fm3m)/2. (b) schematic phase diagram (c,d): polyhedral representations of the crystal structures, drawn using
VESTA [62]; Pb ions are drawn in grey, oxygen anions in red, and the Fe(W)Os and Fe(Sc)Og octahedra in violet and orange

respectively.

two independent B-sites). As the Sc content increases, the
relative intensity of the superlattice reflections progres-
sively increases. For PFSWO with = between 0.1 and 0.4
the main peaks are split, which reflects the formation of
two cubic perovskite phases: a major phase of symmetry
Fm3m and a minor phase of symmetry Pm3m. This con-
clusion is consistent with earlier work [41,42] where all
PFSWO samples contained a mixture of phases. As the

value of x is increased, the magnitude of the peak split-
ting diminishes and the relative intensity of the peaks at
lower angle decreases, implying that the relative amount
of the Pm3m perovskite phase decreases; e.g. from about
30% for x = 0.2 to 15% of sample weight for x = 0.4 (see
Tab. 1). Figure 1 shows the evolution of the lattice param-
eter and the structure of PFSWO with Sc content. In
Figure 1b, the lattice parameter of the Pm3m and Fm3m
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Fig. 2. XRPD patterns of the annealed and quenched Pb(Fei_.Scs)2/3W1/303 samples for (a) low Sc concentrations,
(b) 0 < z < 0.4 (quenched samples only), and (c¢,d) z = 0.1. The inset in (b) shows the evolution of the order parameter

S for the quenched samples.

phases are plotted including the behaviour in the two
phase region, where the lattice parameter of the ordered
Fm3m phase is slightly smaller than that of the Pm3m
phase. Figures 1c and 1d show schematic representations
of the structures illustrating the difference between the
Pm3m and Fm3m cubic phases. At low temperatures
in the composition range x = 0.1—0.5, there is a disso-
lution gap, which is absent at high temperatures where
an unlimited series of solid solutions is formed in the sys-
tem (see Fig. SM1 in the Supplemental Materials for a
schematic illustration of the phase diagram of the solid
solution system).

3.1.2 Quenched samples

XRPD-based phase analyses of PFSWO samples obtained
by quenching after prolonged calcination at 840°C (76 h)
showed that single-phase solid solutions with Fm3m
structure are formed throughout the composition range.
This difference between quenched and annealed sam-
ples is exemplified in Figure 2. In e.g. Figure 2d which
shows parts of the XRPD patterns taken on two x = 0.1
samples; a splitted peak is observed for the quenched sam-
ple. Figure 2b illustrates the enhancement of the peak
for quenched samples with increasing x. The degree of

chemical B-site ordering (S) reflecting the occupation of
the two independent B-sites was determined for quenched
samples using room temperature XRPD patterns and is
plotted vs. z in Figure 2b. S is evaluated from the
ratio of the observed superlattice reflection (111) to the
nearest base lattice reflection (200) using the equation
S=(I111/I200) (see details in [63,64]).

After contrasting the structural properties of the
annealed and quenched samples, only the structural,
dielectric, and magnetic properties of the quenched sam-
ples are investigated in detail below.

3.2 Chemical composition

The ceramic samples of PFSWO were obtained with a
density reaching 90-93% of the theoretical one. The den-
sity of the samples decreased with increasing Sc content.
At the maximum firing temperatures, thermogravimet-
ric curves showed weight losses that varied between 0.5
and 0.7% for all samples, indicating that they possess
good thermal stability in air and that their overall oxygen
stoichiometry is nearly constant under temperature vari-
ation. SEM with EDS point analyses of different grains
were recorded for samples with = 0.1, 0.2, 0.3, and
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Fig. 3. SEM images of the quenched Pb(Fe; »Scz)2/5W1,503
samples with (a) = = 0.1, (b) z = 0.2, (¢) = = 0.3, and
(d) x =0.4.

0.4. From analyses of the images exemplified in Figure 3,
it is found that the Sc/(Fe+ Sc) ratio and Pb contents
are close to their nominal values. The variation in the
Sc/(Fe 4 Sc) ratio is largest (but still close to the nominal
value) between different grains for = 0.2. For = 0.3,
the Pb content is slightly less than the nominal value.
Based on 130-160 measured points for each x, it was estab-
lished that the Sc and Fe content for all z-values are close
to the nominal values within the standard deviation. In
addition, the Pb and W content is on average close to the
nominal value, however, with a standard deviation that
appears to increase with increasing x. For the x = 0.4
sample, the average values of the metal ion contents devi-
ate most from the nominal values, since a few grains of
higher Fe content are observed.

In general, the particle size in the samples varies
between 1 and 7 um for all z-values. However, it appears
that the average grain size decreases with increasing
x since the amount of small grains, <2 pum, increases
with increasing x shifting the median grain size towards
1-3 pum. As all the samples were prepared under the
same conditions, this difference in microstructure can be
attributed to effects of the Sc3* ions. The grain growth in
solid state synthesis is strongly dependent upon the rates
of diffusion. The higher melting point of ScoO3 (2485 °C)
than FeoOg (1565°C) and WO3 (1473°C) suggests that
the diffusion of Sc is slower than that of Fe and W dur-
ing the synthesis process and hence may cause the smaller
grain sizes of samples having higher Sc contents.

The EDS elemental analyses of the quenched PFSWO
samples used in XRPD and magnetic measurements
detected only Pb, Fe, Sc and W cations. The averaged
ratios between each element and the sum of elements
(Pb+Fe+Sc+ W) obtained by EDS and calculated
according to the nominal composition are found to agree
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within the accuracy of the EDS analyses. The EDS
study of an undoped sample confirmed a cationic ratio
of Pb:Fe:W of 3:2:1, in agreement with the nominal one.
Complementary ICP composition analyses also indicate
that the ratios of Pb:Fe:Sc:W were in agreement with the
nominal values. Mossbauer spectroscopy results show that
the Fe ions in PFSWO reside in the high spin Fe3T state
and occupy inequivalent positions differing in the nearest
cation environment [47,54].

3.3 Dielectric properties

The temperature dependences of the relative dielectric
permittivity e(7) and dielectric loss tangent tand(7) for
annealed samples have prominent, broad maxima in the
range 180-250 K, whose position (Ti,ax) shifts to higher
temperatures with increasing frequency (see Fig. SM2).
Such behaviour is characteristic of ferroelectric relaxors,
which include PFWO [9,10,13] and PSWO [65-67]. The
temperature-frequency dependence of the dielectric con-
stant € and losses tgd of quenched samples of PESWO are
qualitatively similar to that of the annealed samples, as
illustrated in Figure 4 for the samples with z = 0.1 and
x = 0.4. They also exhibit pronounced wide permittivity
maxima characteristic for ferroelectric relaxors, the posi-
tions of which are shifted with frequency toward higher
temperatures. At the same time, the position of these
peaks on the temperature scale practically corresponds
to the position of the peaks of the slowly cooled samples,
but the magnitude of the peaks of the quenched samples
increases approximately by a factor of 2 (see Fig. SM2).
One puzzling point in the structural interpretation of the
dielectric relaxation is the fact that the observation of par-
tial order in PFSWO does not result in the disappearance
of this relaxation. Indeed, when increasing the Sc con-
tent in PFSWO solid solutions, the dielectric relaxation is
observed up to 100% content of Sc. Dielectric hysteresis
loops were experimentally measured at room temperature
using a Sawyer-Tower circuit at the frequency of 50 Hz.
As seen in Figure 5, the obtained dielectric loops resem-
ble those of linear lossy dielectrics. No saturation can be
observed while increasing the amplitude of the electric
field E. Increasing E above 12kV/cm for z = 0.1 and
above 7kV/cm for x = 0.4 caused the breakdown of the
samples. The absence of saturation is probably due to the
cubic symmetry of the studied solid solutions and the low
amplitudes of the applied ac electric fields. The observed
relatively low breakdown voltages are due to the rather
high conductivity of the samples.

3.4 Magnetization studies

The zero field cooled (ZFC) and field cooled (FC) tem-
perature dependence of the magnetization M(T) in the
temperature interval 7' = 5-400 K is shown in Figure 6.
To record the ZFC magnetization, the sample was first
cooled to a low temperature in the absence of a magnetic
field where the magnetic field was applied and the ZFC
magnetization recorded on warming the sample. The FC
data was recorded on warming, after cooling the sample
in a magnetic field. As the temperature decreases from
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Fig. 4. Temperature dependence of the dielectric properties of the quenched Pb(Fe1_Scz)2/3W1,303 samples with (a) 2 = 0.1

and (b) 0.4.
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Fig. 5. Room-temperature dielectric hysteresis loops of the
quenched Pb(Fe;_Sc:)2/5W1/303 samples with (a) z = 0.1
and (b) 0.4. E is the applied electric field, and P the electric
polarization.

400K, all samples exhibit an anomaly at a characteris-
tic temperature that decreases with increase in the value
of z (shown by arrows in Fig. 6). These anomalies are
representative of the magnetic ordering temperatures of

the samples, and occur at T' > 200K for the low doped
samples (z = 0.1 and 0.2), and at T' < 200K for higher
values of z (x = 0.3 and 0.4). The value of the magne-
tization varies non-linearly with x. This non-linearity is
independent of the measuring field or the measurement
protocol used (i.e., the same non-linearity is observed
in data extracted from magnetization versus tempera-
ture measurements as well as from magnetization versus
magnetic field measurements). This can be observed in
Figure 7a, where we show the ZFC and FC magnetiza-
tion versus temperature curves of the samples recorded
under a lower magnetic field H = 0.01 T (main panel).
The observed magnetic irreversibility in the magneti-
zation data depicted in Figure 7a may stem from the
temperature-dependent coercivity of the excess moment
induced in the materials [35].

The isothermal magnetization curves recorded at T =
5K are shown in Figure 7b. The M vs H curves exhibit
open loops near the origin (inset of Fig. 7), indicating the
presence of uncompensated magnetic moments in all the
samples. The coercive field varies between Ho = 0.035—
0.05T for different values of x. The high field data shows
an absence of magnetic saturation, consistent with the
ferrimagnetic nature of the samples. The ferrimagnetic
transition temperature of PFSWO decreases with increas-
ing x, due to the magnetic dilution of the B sites with
diamagnetic Sc. The decrease occurs in a similar way
for quenched and annealed samples However, as illus-
trated in Figure SM3 for the sample with = 0.2, the
excess moment is significantly higher for the quenched
samples.
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Fig. 6. ZFC/FC magnetization curves of the quenched Pb(Fe1_.Scs)2/3W1,303 samples (0.1 < & < 0.4); H = 1kOe. Arrows

indicate the onset of magnetic ordering of the materials.

3.5 NPD and SXRPD studies

The structural refinements of NPD data sets measured
on the quenched z = 0.1, 0.2, 0.3, and 0.4 samples were
performed in the F'm3m space group (No. 225). Figure 8
shows measured and refined NPD patterns for the z = 0.1
and z = 0.4 samples at 4K. The intensity colour maps
of the low-angle part of the NPD patterns plotted in
Figures SM6 and SM7 show the evolution of the intensity
of the (111) and (002) reflections with the temperature
and z. The Fe, Sc, and W atoms are located at the
4a(0,0,0) and 4b(1/2,0,0) crystallographic Wyckoff sites.
The O atoms are found at the 24e site (z,0,0), the z coor-
dinate takes the value of 0.25 for an ideal primitive cubic
cell and its deviation from 0.25 determines the difference
between B’~0O and B”-O distances. Finally, the Pb atoms
occupy the 8¢(1/4,1/4,1/4) sites. It should be noted that
the Fm3m space group does not allow any tilt or rotation
of the BOG6 octahedra nor polyhedral distortions; however,
different B-O bond distances between two sites are per-
mitted, owing to oxygen displacements along the z-axis.
It is noteworthy that a local distortion of the Pb environ-
ment was detected. When refinements are carried out with
the Pb atom fixed at the high symmetry (1/4, 1/4, 1/4)

site, anomalously large isotropic displacement parameters,
suggesting static disorder, are observed. In order to retain
the cubic symmetry, split positions were adopted for Pb.
In contrast, Fe (Sc,W) and oxygen were left at their spe-
cial sites, after verification that their displacements did
not improve the refinement. The structure was very well
refined as cubic disordered, with disorder confined only
at the Pb site. Bond valence calculation on both the A-
and B-site show very good agreement with the expected
oxidation state of the ions — Pb?*, Fe3t, Sc3t and W6+,

Figure 9 shows the measured and refined diffraction pat-
terns of NPD (Fig. 9a) and SXRPD (Fig. 9b) for the
x = 0.3 sample at room temperature, used for the joint
refinement. The distribution of the three different transi-
tion metal cations on the two available B sites has been
refined assuming the nominal Fe:Sc:W ratio and using the
determined ratio of (Fe+Sc)/W on the two sites from
the joint refinement of SXRPD and NPD data. In fact Fe
and Sc are, due to their nearly identical scattering form
factors, nearly indistinguishable in X-ray scattering while
the contrast to W is strong. The neutron scattering signal
from Sc and Fe however dominates over that of W. The
refinements indicate an increase of the degree of cation
site order as the Sc content increases.
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The lattice parameters (Fig. SM4), B-O bond dis-
tances (Fig. SM5) and B-site occupancies (Fig. 10)
were derived from the joint SXRPD + NPD data. The
Fe(Sc):W ratio was constrained to 2:1 in all refinements

although the distribution of the cations over the two
crystallographically-distinct sites was allowed to vary.
Both Fe and W cations were found to be present on both
B sites in PFSWO. The Fe:Sc:W distributions deduced
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from the data collected at room temperature were held
fixed during the analyses of the NPD datasets collected
at 4K. It is well known [68] that determination of the dis-
tribution of three different kinds of atoms (Fe, Sc, W) on
two available crystallographic sites (4a and 4b in Fm3m)
requires at least two sets of diffraction data with dif-
fering atomic cross sections, but even then is nontrivial
by Rietveld refinement. However, using combined refine-
ments, conclusive results about the cation distribution
were obtained.

3.6 Theoretical results

It is known from our experiment that Sc replaces Fe in the
B sublattice with W sites remaining almost unaffected.
Therefore, in all calculations, we have replaced Fe only by
Sc. Several concentrations of Sc were considered initially
(up to = 0.25) with many configurations per concen-
tration (not shown here) to check the tendency of Sc site
occupation. Our initial finding suggested that clustering

Eur. Phys. J. B (2019) 92: 163

of Sc is not favorable. Our experiments suggested the
ordering of Sc atoms after substitution. This ordering
tendency increases with increasing Sc concentration. In
order to know whether the Sc atoms are more likely
to be periodically distributed in the structure for high
Sc concentration, we considered structural models with
the periodic and non-periodic arrangement of Sc atoms
for two different concentrations: PbioFegScoW4036 (0.25)
and PbyoFesScsW 4036 (0.375) as shown in Figure 11. The
supercells were built up with six octahedra along the c-axis
(Figs. 11b and 11c) and v/2a x v/2a in plane geometry.

In Table 2, we show the relative energies of FM and
AFM alignments of Fe moments along with local moments
on Fe averaged over all Fe sites. Two concentrations of Sc
have been shown.

The first observation is that for all concentrations,
the ground state tends to be the G-type AFM struc-
ture with Sc atoms arranged in an ordered fashion.
This is in agreement with the experimental finding. For
Pb12FegScaW4 036 (z = 0.25), the lowest energy struc-
ture is periodic AFM, and second lowest energy structure
is non-periodic AFM; the energy difference between these
two states is 0.28eV. For PbisFesScsW40O36, the mini-
mum energy structures are periodic; the energy of the
AFM state is 0.17eV lower than the FM state, and
the energy difference between the periodic and non-
periodic configurations is approximately 1eV. As with
increasing Sc concentration, Fe atoms are on the average,
more distant apart, the strength of exchange interac-
tion decreases. According to Goodenough-Kanamori rules
[69,70], a 180° superexchange (the magnetic ion-ligand-
magnetic ion angle is 180°) between two magnetic ions
with partially filled d shells is strongly antiferromagnetic.
In low Fe concentration structures, the impact of the
superexchange effect is very small.

We also compared the volume change of the octahe-
dra in the system before and after doping. According
to our results, after Sc doping, the volume of PFWO
increases, and the FeOg octahedra are more prone to
changes than WOg4 octahedra. For = 0.25, the average
volume changes in these two octahedra are 0.13 A% and
0.09 A3, respectively.

3.7 Magnetic structure determination

There is no evidence of structural phase transition upon
cooling from neutron diffraction patterns. The nuclear
structure can be described by Fm3m model down to
4 K. Increase of the intensity of certain Bragg reflections
below the magnetic transition indicates that the magnetic
unit cell is the same as the nuclear one. The symmetry
analyses of possible spin arrangements were performed
using BASIREPS software [47] as well as Bilbao Crys-
tallographic Server (BCS) [53]. The BASIREPS software
reveals only one possible spin arrangement I'9 (s.g.F-1),
where the spins can have components along all three
orientations, which can be refined independently. Refine-
ments using three independent components were unstable.
The BCS results revealed more suitable options with
several partial decreases of symmetry leading to the sub-
groups of F'm3m. After refinement of all relevant models
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Fig. 10. (a) 4a- and (b) 4b-site occupancy of the Fe, W, and Sc cations extracted from NPD + SXPRD for the quenched
Pb(Fe1—sSce)2/3W1,303 samples (0.1 < z < 0.4). Total occupancy is 4 per 4a/4b-site.

Fig. 11. (left) Periodic and (right) non-periodic clustered
structures of Pb(Fe1—Scz)2/3W1,303 for (a) and (b) x = 0.25
and (¢) z = 0.375. The O atoms are shown by red spheres,
the Pb atoms are by black. The FeOg octahedra are high-
lighted with light yellow color, the WOg octahedra with grey,
and the ScOg with blue. (a) Shows the top view of specific ab
planes indicated by arrows in (b), both of which representing
the structural models for x = 0.25.

against the neutron diffraction pattern collected at 4 K,
the two models with magnetic space groups I4/mm’'m’
(BNS: 139.537) and R3m’ (BNS: 166.101) were found to
fit the measured intensities. Both models give exactly the
same R-factors, so the models cannot be distinguished by
the means of the powder diffraction. The tetragonal model
(I4/mm'm’) has the spins arranged antiferromagnetically
along the z-axis. The rhombohedral model (R3m’) has
the same antiferromagnetic arrangement but the spins are
canted in the (111) direction. During the refinement, all
structural parameters were constrained to maintain the
cubic symmetry of the nuclear phase and decrease of the
symmetry is related only to the spin arrangement.
Figure 12 shows schematic representations of the mag-
netic arrangement in the R3m’ and I4/mm/m’ models.

In the final stage of the refinements, it was possible to
determine the magnetic moments of the two different mag-
netic sites restrained to the same ratio as occupation
factor.

The total magnetic moment of the unit cell is zero
in the ideal AFM structure but in the case of PFSWO
the two magnetic sub-lattices are not equivalent and
non-compensated. The thermal variation of the magnetic
moment for the different PFSWO compositions is plotted
in Figure 13. The disappearance of the magnetic moments
at higher temperatures for the different samples accord
with the decay of the magnetic transition temperatures
derived from the magnetisation measurements. In Fig-
ure 14a, the magnetic moments estimated for the 4a and
4b from the NPD experiments are plotted as a function of
Sc concentration. An uncompensated magnetic moment
may be estimated from the difference between the two
magnetic moment values. As seen in the figure, this differ-
ence amounts to approximately 1 up per pair of B-sites,
which is comparable in magnitude with the magnetiza-
tion at high magnetic field and low temperature M(H =
50 kOe, T = 5K) extracted from the magnetization mea-
surements plotted in Figure 14b (extracted from the plots
shown in Fig. 7b). It is also clear from Figure 13a that the
dilution of the B sublattice with Sc produces a decrease
in the average moment. However, the local moment of the
Fe3T cations does not change appreciably and remains
close to 5 up (x2/3 ~ 3.35up) (in calculations the local
moment of Fe is found to be approximately 4.2 ug, see
Tab. 2).

Most remarkably, the NPD data of a pure PFWO sam-
ple quenched in the same conditions as the doped ones
indicates partial ordering of the B-site; see Fig. 15a),
where an NPD pattern of a quenched PEFWO sample is
shown. Refinements of the NPD patterns for this quenched
PFWO sample yields a temperature dependence of the
magnetic moments on the B-sites as shown in Figure 15b
(data was collected at 325 K and above). There is a large
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Table 2. Relative energies E (ineV) and average Fe magnetic moments pFe (in pp) for each structure. For each
concentration, the lowest energy is set to be zero.

Periodic Non-periodic
FM AFM FM AFM
E uFe E nFe E uFe E uFe
z = 0.250 0.43 4.21 0.00 4.12 1.79 4.02 0.28 4.12
x = 0.375 0.17 4.18 0.00 4.20 1.04 4.16 1.06 3.88

(a) (b)

Fig. 12. Ferrimagnetic magnetic structure determined from the NPD data: (a) rhombohedral model (R3m’) and (b) tetragonal
model (I4/mm'm'); drawn using VESTA [62].
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Fig. 13. (a) B-site magnetic moments extracted from NPD data for the quenched Pb(Fe1_+Scz)2,3W1,303 samples (0.1 < 2 <
0.4); filled markers: 4b site, open markers: 4a site. (b) Uncompensated moment estimated from the difference between 4b and
4a moments. No magnetic contribution was observed at T'= 300K for x = 0.1 and 0.2, and at T'= 200K for z = 0.3 and 0.4.
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Fig. 14. (a) Magnetic moments on 4a and 4b sites (tri-
angles) for the quenched Pb(Fei_,Scz)2/3W1/303 samples
(0.1 < z < 0.4) determined from the NPD data at 4K, as
well as their average (diamonds) and difference (circles). The
theoretical estimation of the average magnetic moment on
B-site is included using filled squares and right axis (con-
sidering only the Fe local moment, i.e. no W). The dashed
black line corresponds to the dilution of the 5 pB mag-
netic moment of Fe3T according to p = 5x (1 — ) x 2/3.
(b) Magnetization M(H=050kOe) at 5K for the quenched
Pb(Fe1—4Sce)2/3W1/303 samples (0.1 < = < 0.4) extracted
from the magnetization vs magnetic field curves of Figure 7b.

difference of the magnetic moment on the B’ and B”
sites, and thus a large excess moment and ferrimagnetic
behaviour in this quenched sample, owing to the non-
equivalent occupation factors of Fe on the B-sites (see
XRD results plotted in Fig. 2a) for the quenched low-Sc
doped samples.

4 Discussion

The cationic order on the B-site in Pb-based relaxor fer-
roelectric perovskites has been the subject of considerable
debate [71-73]. Controversies exist regarding the compo-
sition of the cation sites and the relationship between the
magnetic order and dielectric relaxor properties. It is gen-
erally accepted that ordering in complex perovskites is
favoured by large differences in charge between the two
B-site ions and by differences in ionic radii [74-76]. The
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general rule for B-site cation ordering considers the dif-
ference in oxidation state between the two B-site cations.
When the difference in charge is larger than two, order
is more likely than disorder. When the charge differ-
ence is exactly two, other factors such as cation size
difference and bonding preferences must be taken into
account [74]. Tonisation potentials, cation coordination
geometry, and the A-site cation:B-site cation size ratio
have also been mentioned as factors that influence the
degree of cation ordering [74-76]. PFWO is the first

MF which was discovered in the Png’;%Bf;%Og dou-

ble perovskite family [7,8]. The original idea was based
on the search for ferrimagnetic perovskites with some
degree of order on B-sites, creating two sub-lattices corre-
sponding to the formula Pb[Felo.5[Fe; /5W3/3]0.503. In this
case, the magnetic moments of two sub-lattices arranged
antiferromagnetically are not compensated, and the fer-
roelectric material also becomes ferrimagnetic. A number
of experimental results indicate that partial order does
exist and that the correct structural formula for PEWO is
Pb[Fel_wwl]o,g,[F€1/3+zW2/3,I]04503 with 0 < z < 1/3
[77]). Owing to the similar size of Fe?™ and W®* in the
case of Pb(Fey/;3W;/3)O3 (tolerance factor ¢t = 1.007) is
quite problematic to realize the B-site cation order. How-
ever, other members of the 2:1 tungstate family such as
Pb(Scy/3W1/3)03 (PSWO) (t = 0.974) readily adopt a 1:1
ordered double perovskite structure [65—67]. Studies of the
PSWO structure indicate that PSWO has a random site
arrangement of cations with one site occupied by Sc3*
cation and the second by a random distribution of W6+
and the remaining Sc3t cations, yielding the structural
formula Pb(Sc;/3Wy/3)1/2(Sc)1/203 [65-67].

The XRPD patterns of the PFSWO samples indicate
that disordered structure of the annealed PFWO has a
very limited range of stability in the solid solution sys-
tem (up to 5% Sc). The annealed samples containing a
larger concentration of Sc (z > 0.05) were comprised of
a two-phase mixture of ordered (Fm3m) and disordered
(Pm3m) cubic structures. The patterns collected from
z = 0.60 and up to 1.0 could all be indexed in terms of the
single-phase, cubic (F'm3m) structure. For the quenched
samples, this phase is stable over the full concentration
range of Sc susbstitution (0.05 < x < 1). In ordered
PFSWO perovskites, the B’ position is occupied by a
larger ferroelectrically “inactive” cation (Sc) and the B”
position by a smaller ferroelectrically “active” cation (W),
and the intermediate oxygen anions are displaced toward
the B’ position. This cooperative displacement mecha-
nism can then result in extended ferroelectric coupling.
The abnormally large atomic displacement parameters for

Pb cations (Bpp = 3.5 Az) provide strong evidence for
the presence of disordered atomic displacements. Such
behaviour is typical for Pb-based perovskites containing
Pb2* on the A-site, due to the presence of a stereoactive
electron lone pair on Pb?* cations [78-80].

According to group theoretical prediction [81] the phase
transition from Pm3m to Fm3m in perovskites is ini-
tiated by a breath-type mode at the R point of the
Brillouin zone. This mode, accompanied by the forma-
tion of a nonequivalent oxygen octahedron, sequences
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Fig. 15. (a) NPD diffractogram at T' = 325 K and associated refinements on a quenched x = 0 sample (Rp: 1.37, Rp: 2.95, Ryyp:
3.81). (b) Temperature variation of the extracted B-site magnetic moments and their difference (same legend as in previous

figure). No magnetic contribution was observed at T' = 450 K.

with the B’ and B” alternation. The actual structural
mechanism of the transformation in PFWO remains
unknown and important factors in triggering the Pm3md
Fm3m transformation are still not fully clear. The trans-
formation occurs by a dilatational mechanism owing to a
uniform distortion of the simple cubic lattice by extension
of the structure along the main crystallographic direc-
tions. Probably, there is no remarkable energy barrier for
such a transformation because the cation coordination
number is not changing. The nature of phase transfor-
mation could also be related to oxygen stoichiometry and
requires additional investigation.

Our first-principle calculations confirm the ordering
tendency in Sc-doped compounds, and the G-type anti-
ferromagnetic configuration. For all Sc concentrations,
different values of the magnetic moments on the ja
and /b B-sites are observed experimentally, yielding an
uncompensated moment. Accordingly, the temperature-
and magnetic field-dependent magnetization curves of the
compounds suggest that the antiferromagnetic state of
the undoped compound is turned into a ferrimagnetic
one upon doping. Such excess moments may appear even
in the undoped compound under suitable thermal pro-
cedure. It is known that in complex metal oxides with
perovskite structure quenching can be a very useful tool to
retain the structure obtained at high temperature and pre-
vent degradation of the structure during slow cooling [17].
Besides, the appearance of structural defects is different
affecting the structure and final multifunctional properties
(dielectric, ferroelectric, or magnetic). For those and many
other reasons, thermal treatements such as quenching
can change the behaviour of materials including crys-
tal, real structure, and physical properties. Partial cation

ordering in Pb(Fey,3 W /3)O3 prepared under specific oxy-
gen atmosphere was discussed earlier [82,83], in the light of
the appearance of superstructure reflections in XRPD and
signature of two magnetic sublattices for the Fe3* cations
in Mdossbauer spectra [82]. Recently, the effects of quench-
ing on the dielectric properties of relaxor ceramics such as
PLZT and BNT-BaTiOg3 systems have been reported, and
they suggest that quenching could be a promising method
to improve the dielectric ageing effect and other thermal
behaviours in relaxor ferroelectrics [84-86].

5 Conclusions

Phase pure solid solutions Pb(Fel,wScm)Q/gVVl/gOg were
synthesized using a conventional solid-state reaction
method. (S)XRPD, NPD, dielectric and magnetic mea-
surements, thermogravimetric analysis, scanning electron
microscopy (SEM), energy dispersive X-ray, Mossbauer
spectroscopy, and first-principles calculations were used
as analytical tools.

It is found that even quite small concentrations of
Sc (z = 0.05) cause ordering of the cations and stabi-
lization in the F'm3m structure. For quenched samples,
this phase is stable over the full concentration range of
Sc substitution (0.05 < x < 1). This partial positional
order of PESWO does not produce perfect compositional
order, and one sub-lattice remains disordered. However,
the ordering produces unbalanced magnetic sub-lattices
and ferrimagnetic behaviour below the magnetic ordering
temperature. The excess moment of this phase is found
to be controlled by the amount of Sc substitution and the
final thermal treatment of the sample preparation. All the
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attempts to transform the relaxor properties of PFWO by
Sc doping to ferroelectric ordering have invariably failed,
leaving its diffuse dielectric phase transitions an enigma.
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