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ABSTRACT

The structural, magnetic, and dielectric properties of ceramic samples of Yb-doped PbFe2/3W1/3O3 have been investigated by a variety of
methods including x-ray powder diffraction, magnetometry, and dielectric spectroscopy. In addition, theoretical investigations were made
using first-principles density functional calculations. All the doped samples Pb(Fe1− xYbx)2/3W1/3O3 (PFYWO) (0.1≤ x≤ 0.5) were found to
crystallize in an ordered cubic (Fm�3m) structure with partial ordering in the B-perovskite sites. Observed changes in the cationic order were
accompanied by differences in the dielectric and magnetic responses of the system. While pure PbFe2/3W1/3O3 is antiferromagnetic, the
doped Pb(Fe1− xYbx)2/3W1/3O3 PFYWO samples display excess moments and ferrimagnetic-like behavior, associated with differences in B0

and B00 site occupancies of the magnetic Fe3+ cations. The magnetic transition temperature of the ferrimagnetic phase is found to decrease
with increasing Yb content, from TN ∼350 K of the undoped sample down to 137 K for x = 0.5. All PFYWO compounds display a ferroelec-
tric relaxor behavior akin to that of PbFe2/3W1/3O3, albeit our results show significant changes of the frequency and temperature dependence
of the dielectric properties. The changes of the properties of PFYWO with increasing Yb substitution can be explained by the changes in the
cation size/charge mismatch and the size difference of the two ordered positions.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0011576

INTRODUCTION

Studies of dielectric and magnetic properties of Pb-based
perovskites have revealed several new multiferroic (MF)
materials.1–7 The consequences and cause of cationic order on the
B-site in such perovskites have been discussed in the literature.8–10

Ionization potentials, cation coordination geometry, and the
A-cation/B-cation size ratio are factors that influence the degree
of ordering.11 PbFe2/3W1/3O3 (PFWO) was the first reported MF
material in the double perovskite family PbB3+2/3B

6+
1/3O3.

12 The
initial idea behind the preparation of PFWO was based on the
search for ferrimagnetic perovskites with some kind of order of
the B-site cations creating two sublattices corresponding to the

formula Pb[Fe]0.5[Fe1/3W2/3]0.5O3. In this case, the magnetic
moments of two sublattices directed oppositely to each other are
not compensated, and the ferroelectric material also becomes fer-
rimagnetic. Some experimental results indicate that partial order
may occur and that the structural formula for PFWO could be
written Pb[Fe1 − yWy]0.5[Fe1/3 + yW2/3 − y]0.5O3 with 0 ≤ y ≤ 1/3.12

However, it has been found impossible to realize substantial cat-
ionic order in undoped PFWO.

PFWO is a Pb-based 2:1 perovskite that combines magneti-
cally active Fe3+ cations and ferroelectrically active W6+ cations.13,14

PFWO orders antiferromagnetically at about 350 K and shows
relaxor ferroelectric behavior between 150 and 200 K. In the last
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few years, several attempts have been made to modify the properties
of PFWO by substitutions at the A or (and) B crystallographic sites.
Results from studies using various solid solutions have been reported,
for instance, by A-site doping15–17 and B-site substitution.18–23 These
studies show that the magnetic and dielectric properties of PFWO
can be modified and controlled by cation substitution.

Although major advances have been made in optimizing
PFWO for a variety of applications, several fundamental aspects
of their behavior, in particular, the nature of the compositional
and spin ordering and its relation to the relaxor properties remain
unresolved.24–27

The aim of the present work is to clarify the effect of substitu-
tion of Yb3+ for Fe3+ on the structural, magnetic, and dielectric
properties of PFWO. The selection of Yb3+ substitution is related
to its large cation size and small electronegativity providing
optimal conditions to create cation ordering and polar bonds. We
have prepared phase-pure, stoichiometric Pb(Fe1− xYbx)2/3W1/3O3

(PFYWO) samples of composition x = 0, 0.1, 0.2, 0.3, 0.4, and 0.5
and investigate these by x-ray powder diffraction, magnetometry,
dielectric spectroscopy, and electron microscopy. The Yb doping is
found to promote cationic ordering of the Fe(Yb) and W cations
on the B site. The experiments are accompanied by theoretical
studies of magnetic interactions for several key Yb concentrations
using first-principles calculations.

METHODS

Pb(Fe1− xYbx) 2/3W1/3O3 (0≤ x≤ 0.5) samples were synthe-
sized as ceramics by a conventional multiple-step solid state reac-
tion method in the air;18 see the supplementary material for more
details about the synthesis and the characterization methods.
Chemical composition was checked using scanning electron
microscopy (SEM) images, x-ray energy dispersive spectroscopy
(EDS), and inductively coupled plasma (ICP) analyses. X-ray
powder diffraction (XRPD) was used for both phase analysis and
advanced Rietveld analyses using the FULLPROF program.28 The
(magneto)dielectric measurements were performed using a LCR
meter and a customized PPMS probe, while magnetic measure-
ments were collected using a superconducting quantum interfer-
ence device (SQUID) magnetometer from Quantum Design Inc.

We have performed first-principles density functional calcula-
tions to study the energetics and structural and magnetic properties
of PFYWO, employing the VASP package.29,30 Perdew–Burke–
Ernzerhof31 generalized gradient approximation (GGA) has been
considered for the treatment of exchange-correlation functional.
Strong electron correlations in the d-orbitals have been included in
a static mean-field approach (GGA +U).32,33 We have considered
the Ueff (U–J where U is the Coulomb parameter and J is the
Hund parameter) value of 4 eV for the Fe-d electrons;34 see the
supplementary material for more information.

RESULTS

XRPD studies

The SEM images indicate that as in, e.g., the doping of PFWO
by Mn or Sc,18,22 the average grain size (∼2–6 μm for undoped
PFWO) is slightly decreasing as the doping of Yb increases (see

Fig. SM1 in the supplementary material). The PFYWO ceramics
have 90%–93% of the theoretical density values. EDS analyses evi-
dence close to nominal stoichiometry of Pb, Fe, Yb, and W cations
(see Table SM1 in the supplementary material). Room temperature
XRPD patterns of the PFYWO (0≤ x≤ 0.5) samples are shown in
Fig. 1. The position and intensities of the reflections in the XRPD
patterns of the samples were consistent with those expected for
PFWO-based solid solutions with the cubic perovskite structure.18

Reflections from secondary phases were not detected. Structural
refinements of the XRPD powder diffraction patterns of PFYWO
with x < 0.1 confirm that these samples stabilize in the cubic Pm�3m
symmetry at room temperature. For samples with 0.1 ≤ x≤ 0.5, a
set of additional superstructure reflections were found [e.g., (111)
at around 19° in addition to the Bragg (200) at around 22°, the
x-dependences of which are illustrated in Fig. 2] and the crystal
structure of PFYWO (x≥ 0.1) stabilizes in the cubic Fm�3m symme-
try. Thus, the addition of few percent of Yb to PFWO leads to
B-site cation ordering (introduction of two independent B-sites).
The evolution of the lattice parameter (a) for the different samples
is plotted in Fig. 3(a), and there is a continuous increase of a with
increasing Yb content. This increase is in accord with the size dif-
ference between Yb3+ (0.868 Å) and Fe3+ (0.645 Å) cations for
coordination number 6.36

The structural refinements of XRPD patterns measured on the
x = 0.1, 0.2, 0.3, 0.4, and 0.5 samples [Figs. 1(b)–1(f )] were per-
formed in the Fm�3m space group (No. 225). The Fe, Yb, and W
atoms are located at the 4a (0,0,0) and 4b (0.5,0.5,0.5) crystallo-
graphic Wyckoff sites [which we refer to as B(4a) and B(4b) in
the following]. The O atoms are found at the 24e site (x,0,0) for
an ideal primitive cubic cell and its deviation from 0.25 deter-
mines the difference between B(4a)–O and B(4b)–O distances.
Finally, the Pb atoms occupy the 32f (y,y,y) sites, presenting an
off-center displacement along the [111] direction. The Fm�3m
space group does not allow any tilt nor rotation of the BO6 coor-
dination octahedra nor polyhedral distortions; however, different
B–O bond distances are permitted owing to the presence of
partial cation ordering. The refined B–O bond lengths are indeed
different and their x-dependence plotted in Fig. 3(b).

The distribution of the three different transition metal cations
on the two available B sites and the Pb and O stoichiometry have
been refined assuming the nominal Fe:Yb:W ratio and using the
determined ratio of (Fe + Yb)/W on the two sites from the refine-
ment of XRPD data. Due to their different scattering form, factors
Fe3+ and Yb3+ are well distinguishable in x-ray scattering. The refine-
ments indicate an increase of the degree of cation site order as the
Yb content increases. Normally,18,37 determination of the distribu-
tion of three different kinds of atoms (Fe, Yb, and W) on two avail-
able crystallographic sites (4a and 4b in Fm�3m) requires at least two
sets of diffraction data with differing atomic cross sections. However,
using only XRPD data and the nominal composition in the refine-
ments, conclusive results about the cation distribution were achieved.
The resulting cation distributions on the 4a and 4b sites are pre-
sented in Fig. 4. Polyhedral analysis was made by the IVTON soft-
ware, and the results are presented in Table SM3 in the
supplementary material. The oxidation states of the cations, deter-
mined by bond valence calculations, are consistent with Pb2+, Fe3+,
Yb3+, and W6+(see Table SM1 in the supplementary material).
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Theoretical results

Our experimental results indicate that Yb replaces Fe in the B
sublattice with W sites remaining almost unaffected. For this
reason, Fe atoms have been substituted solely by Yb atoms in our
calculations. Two concentrations of Yb were considered initially
with two different configurations to check whether the Yb atoms

are more likely to be periodically distributed in the structure for
high Yb concentrations. We built structural models with the peri-
odic and clustered arrangement of Yb atoms for two different con-
centrations: x = 0.25 and x = 0.375. The supercells were built up
with six octahedra along the c axis and

ffiffiffi
2

p
a � ffiffiffi

2
p

a in-plane
geometry. In Table I, we show the relative energies of FM and

FIG. 1. X-ray powder diffraction patterns for polycrystalline Pb(Fe1 − xYbx)2/3W1/3O3 for 0≤ x≤ 0.5 together with their Rietveld refinements. x = (a) 0, (b) 0.1, (c) 0.2, (d)
0.3, (e) 0.4, and (f ) 0.5; see Table SM2 in the supplementary material for quality R-factors and goodness of fit values.
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AFM alignments of Fe moments. First, we note that structures
with periodic arrangement always have lower energy than the
clustered structure. The energy difference between periodic and
non-periodic distribution increases as the concentration increases
(from 12.33 meV/atom to 16.50 meV/atom). Second, AFM config-
urations are always energetically more favorable than the FM con-
figurations. In addition, if we only focus on the ground state
configuration, i.e., periodic arrangement of Yb, as the Yb concen-
tration increases, the energy difference between AFM and FM
decreases (from 11.17 meV/atom to 2.17 meV/atom). This is
because Fe atoms on the average are situated more distantly, and
hence the strength of exchange interaction decreases.

For simulating a lower concentration, we built another supercell
with six octahedra along the c axis and 2

ffiffiffi
2

p
a � 2

ffiffiffi
2

p
a in-plane

geometry. In this case, we performed calculations for the lowest con-
centration, x = 0.125, in the supercell containing 240 atoms. We have
also simulated the highest concentration (x = 0.375) with the super-
cell containing 240 atoms to check the consistency of results obtained
with the supercell containing 60 atoms. Figure 5 is an example of the
structure we used for the simulation. The results are shown in
Table II. At high Yb concentration, the lowest energy state occurs for
the periodic structure with the AFM configuration, and the
second-lowest energy state is the random structure with the AFM
configuration; the energy difference between these two states being
9.75 meV/atom. On the contrary, at low Yb concentration, the
ground state turns out to be a randomly distributed structure
where the energies of the periodic and clustered structures are
2.38 meV/atom and 3.71meV/atom higher than the ground state,
respectively. According to our simulation, as the Yb concentration
increases, we expect a transition from a randomly distributed phase
to a periodically distributed phase. We also compared the average
magnetic moment of Fe for different Yb doping and the average
volume of the octahedra before and after doping. The results are
shown in Tables III and IV. It has been observed that the volume of
PFWO increases after Yb doping. It is also seen that the FeO6 octa-
hedra are modified more significantly than the WO6 octahedra.
Besides that, according to the histograms of the optimized bond
lengths shown in Fig. 6, we can conclude that a significant variation

FIG. 2. (a) (200) Bragg reflections and (b) (111) superlattice reflection for Pb
(Fe1− xYbx)2/3W1/3O3 (0.1≤ x≤ 0.5).

FIG. 3. Compositional dependence of (a) lattice parameter and (b) bond length B–O for 4a and 4b sites; the theoretical average ionic radius is added in panel (b) for com-
parison. In order to compare these data with the lattice parameter of ordered Fm�3m samples, we have doubled the lattice parameter of the compound with x = 0.
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exists among the species. It is found that most of the Pb–Fe bond
lengths are smaller than the average Pb–B bond length, while Pb–W
bond lengths are bigger. The corresponding Fe–O–Fe bond angle dis-
tribution is shown in Fig. SM2 in the supplementary material, angles
ranging from 158° to 175°. According to the Goodenough–Kanamori
rule, when the bond angle is close to 180°, the Fe–O–Fe bond with
d5-d5 interacting cations shows AFM superexchange interaction. One
can clearly see that for x = 0.125, there are more Fe–O–Fe networks,
and more importantly most of the bond angles are close to 180°
giving rise to stronger AFM superexchange.

Magnetic and dielectric analyses

A sharp kink of the M vs T curve (H = 100Oe) is observed
across the Néel temperature TN ∼350 K for undoped PFWO as
shown in the inset of Fig. 7. In the main frame of the figure, the tem-
perature dependence of the magnetization M(T) measured under
ZFC and FC conditions at a constant magnetic field H = 100Oe for
various Yb doping concentrations (0.1≤ x≤ 0.5) is displayed. All
these curves show a sharp upturn across the transition temperature.
Below the ordering temperature, all the M(T) curves exhibit irrevers-
ibility in ZFC and FC curves suggesting uncompensated magnetic
moments at low temperatures. As the Yb doping concentration
increases from x = 0.1 to 0.5, the transition temperature Tmag

decreases from 292 K to 137 K (see Table SM4 in the supplementary
material). The incorporation of Yb inside the PFWO matrix hence
alters the magnetic ordering from antiferro to ferrimagnetic leading
to the excess/uncompensated moments. For higher doping concentra-
tions x≥ 0.3, this sharp upturn becomes less prominent, reflecting
the decrease of the magnitude of the excess moment at large x (see
below), as well as dilution effects; x = 0.5 implies the chemical compo-
sition PbFe1/3Yb1/3W1/3O3, with Fe3+ accounting for only one- of the
B-site cations.

FIG. 4. Compositional dependence of
site occupancies for Fe, Yb, and W for
(a) 4a site and (b) 4b site determined
from the XRPD data.

TABLE I. The result from calculations with 60 atoms structures, relative energies,
unit in meV/atom.

Periodic Cluster

x FM AFM FM AFM

0.250 11.17 0.00 22.00 12.33
0.375 2.17 0.00 27.67 16.50

FIG. 5. Structural models with 240 atoms used in the first-principles calcula-
tions: (a) clustered, (b) periodic, and (c) random structures of Pb(Fe1 − xYbx)2/
3W1/3O3 for x = 0.375; structural representations drawn using VESTA.

35

TABLE II. The result from calculations with 240 atoms structures, energy difference,
unit in meV/atom.

Cluster Periodic Random

x AFM FM AFM FM AFM FM

0.125 3.71 … 2.38 … 0.00 16.63
0.375 13.33 … 0.00 12.46 9.75 …

TABLE III. Average magnetic moments of Fe (Fe and Yb), unit in μB.

x Cluster Periodic random

0.125 4.17 (3.66) 4.18 (3.67) 4.18 (3.66)
0.250 4.19 (3.15) 4.21 (3.18) …
0.375 4.18 (2.63) 4.19 (2.64) 4.20 (2.65)
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Figure 8(a) shows the field dependence of magnetization
M(H) represented in μB/f.u. recorded at constant temperature
T = 5 K for different Yb doping concentrations 0≤ x ≤ 0.5. The
M(H) curves represented in emu/g are shown in Fig. SM3 in
the supplementary material. The observed magnetic moments
M(μB/f.u.) in all the Yb-doped samples are higher as compared to
the undoped PFWO, which is associated with the presence of
excess moment caused by unbalanced magnetic sub-lattice. The
coercivity of the doped samples, ∼200 Oe, may be observed in the
inset of Fig. 8(a). Figure 9(a) shows the temperature dependence
of dielectric permittivity εr(T) at two selected frequencies f = 2 kHz
and 0.2 MHz, recorded under zero magnetic field for 0≤ x≤ 0.50.
The corresponding dielectric loss tanδ(T) for one selected fre-
quency (2 kHz) is shown in Fig. 9(b). As the temperature increases,
εr increases and attains a maximum across Tm. This peak tempera-
ture Tm shifts toward higher temperature (188 K→ 230 K) with
increasing Yb concentration x (0→ 0.50), while the magnitude of
dielectric permittivity decreases (2911→ 497). The parameters
evaluated from the dielectric measurements are listed in
Table SM5 in the supplementary material. At higher temperatures
(T > 250 K), the much higher dielectric permittivity of undoped
PFWO is likely associated with the presence of oxygen vacancies
or Pb vacancies.21,22 The frequency dispersion of the high temper-
ature dielectric permittivity was fitted to the Debye relaxation
model (Arrhenius law).22 The effect of oxygen vacancies on εr(T)
and tanδ(T) for x = 0.1 is discussed in Ref. 21. The contribution of
oxygen vacancies seems to be less effective with increasing Yb
concentration.

Another important characteristic observed from Fig. 9(a) is the
frequency dispersion of the dielectric maximum εr(Tm). In order to
observe the frequency dispersion, the εr(T) and tanδ(T) data for
x = 0.2 are shown for various frequencies 200Hz≤ f≤ 2MHz in
Figs. 10(a) and 10(b), respectively. The frequency dependence of Tm

follows the Vogel–Fulcher (VF) law [the inset of Fig. 10(a)] as given

by τ ¼ τ0exp
Ea

kB(Tm�TVF)

h i
, where Ea (=0.12 eV) is the activation

energy, TVF ( = 159 K) is the freezing temperature of the polariza-
tion function, kB is the Boltzmann constant, and the pre-
exponential factor τ0 ( = 2.2 × 10−13 s) is known as the characteris-
tic relaxation time (Ref. 21 and references therein). For other
compositions, these parameters are listed in Table SM5 in the
supplementary material. The observed value of τ0 decreases with
increasing x, while the activation energy Ea increases. For compo-
sitions x = 0, 0.1, and 0.2, these values are in good agreement with
lead magnesium niobate (τ0 = 1.54 × 10−13 s and Ea = 0.04 eV),
which is an example of a classical relaxor ferroelectric.19 It is also
reported in Ref. 21 that the dielectric properties of the x = 0.1
sample shows an unusual re-entrant ferroelectric relaxor behavior
with a ferroelectric like transition at 280 K and a re-entrant
relaxor behavior around 190 K.

TABLE IV. Average octahedral volume change after doping, unit in Å3.

x WO6 FeO6

0.125 0.05 0.25
0.250 0.04 0.20
0.375 0.10 0.20

FIG. 6. Pb–B bond length distribution
of the ground state structure in 240
atoms structural model: (a) x = 0.125
and (b) x = 0.375. The vertical line is
the average Pb–B bond length.

FIG. 7. Temperature dependence of magnetization M(T) measured under ZFC
(open symbols) and FC (filled symbols) conditions at a constant magnetic field
H = 100 Oe for various Yb doping concentrations (0.1≤ x≤ 0.5). The inset
shows the corresponding curve for x = 0.
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DISCUSSION

The obtained XRPD patterns indicate that all PFYWO samples
adopt a cubic (Fm�3m) structure. Above x = 0.5, it was impossible to
prepare single phase samples with the perovskite structure. The
first-principles calculations support the stabilization of the ordered
phase by Yb substitution. However, the real structural mechanism
of the ordering transformation in PFYWO remains unknown and
important factors in triggering the Pm�3m ! Fm�3m transformation
are still not fully clear.18,38

In ordered PFYWO perovskites, the B(4b) position is occupied
by a larger ferroelectrically “inactive” cation (Yb3+) and the B(4a)
position by a smaller ferroelectrically “active” cation (W6+) and the
intermediate oxygen anions will be displaced toward the B(4a)
position. This anion displacement probably induces movement of
the Pb cation along <111> toward the B(4b) position in order to
accommodate the lone pair of electrons of Pb2+ cations. This coop-
erative displacement mechanism can then provide for extended fer-
roelectric coupling. The length of ferroelectric correlations in B(4a)
position could be tailored by controlling the concentration of the

ferroelectrically active W6+ cations. Because of the overall 2:1 B-site
chemistry in PFWO-type perovskites, the degree of chemical disor-
der plays a central role in frustrating long-range ferroelectric cou-
pling. Following conclusions made in Refs. 39 and 40, we can
suggest that both normal ferroelectric and relaxor ferroelectric have
the same polarization mechanism, i.e., inherent correlated cation
and neighboring O anion displacements forming dipole clusters [or
polar nano regions (PNR)]. The role of the substituting ions is not
to induce the PNR’s but rather to suppress homogeneous strain
distortion, transverse correlation of PNR’s, and a transition into a
long-range ordered ferroelectric state. A possible reason for the
onset of ferroelectricity for x = 0.1 could hence be related to the
remarkable increase in the concentration of ferroelectric-active W6+

cations at the B(4a) position observed in Fig. 4 for that composi-
tion in addition to the cationic ordering.

The abnormally large atomic displacement parameters for Pb
cations (thermal parameter BPb = 3.7 Å2) provide strong evidence
for the presence of disordered atomic displacements. Such behavior
is typical for Pb-based perovskites containing Pb2+on the A-site
due to the presence of a stereo active electron lone pair on

FIG. 8. (a) Magnetic field dependence of magnetization M(H) represented in μB/f.u. recorded at constant temperature T = 5 K for different Yb doping concentrations
0≤ x≤ 0.5. The inset shows a zoomed view of the main panel; see Fig. SM3 in the supplementary material for the magnetization data in emu/g. (b) The compositional
dependence of M(μB/f.u.) at T = 5 K and H = 5 T (blue color), and excess moment extracted from the Fe occupancies [(Fe(4a) − Fe(4b)) × 5μB] × 1/2 is shown using the
red color circular symbols (see the main text and Figs. SM4 and SM5 in the supplementary material for details).

FIG. 9. Temperature dependence of
(a) dielectric permittivity εr(T) at two
selected frequencies f = 2 kHz (filled
symbols) and 0.2 MHz (open symbols)
and (b) dielectric loss tanδ(T) for a
selected frequency ( f = 2 kHz) recorded
under zero magnetic field for
0≤ x≤ 0.5.
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Pb2+cations.41 Although a Pb deficiency appears unlikely because
of the preparation method, the Pb stoichiometry was tested by
refining its occupancy factor. The refined value indicated full site
occupancy with an unchanged value of BPb. Therefore, the
meaning of such a large Pb displacement parameter has been
examined. It is known41,42 that improvements can be obtained by
considering Pb located in a multi-minimum potential around its
Wyckoff position. We have attempted to model these displacements
by moving the Pb2+cation away from the high-symmetry site in a
disordered fashion. We have tested the three kinds of Pb disorder,
i.e., along <100>, <110>, and <111> directions. The difference
between these models is not very pronounced (the reliable factors,
RB are 2.73%, 2.54%, and 2.23%, respectively). The magnitude of
the displacement of the Pb cation from its high-symmetry position
is around 0.25(2) Å independent of Yb concentration and the
observed short-range Pb2+ displacements appear randomly distrib-
uted, mostly displaced along <111>. This displacement can be
explained as a consequence of the repulsion between the non-
bonded 6 s lone electron pair of Pb and the Pb–O bonds of its own
coordination polyhedron, supposing that the lone pair is directed
toward one of the vertices of the cube. The Pb shift along the
<111> direction increases slightly the angles between the lone pair
and all the Pb–O bonds, minimizing the repulsion effects. It was
established that for Pb cation coordinated to 12 oxygen anions,
there exist only two crystallographic directions, [l00] and [111],
along which the non-bonded pair can be directed.43

In an earlier study of Sc doped PFWO (PFSWO) investigated
by both XRPD and NPD,18 whose data were jointly refined to
determine occupancies with great accuracy. We have observed a
good match between the values of the magnetic moments deter-
mined from NPD and those obtained by the simple multiplication
of the determined Fe occupancies by 5μB (the expected moment
value for Fe3+), which we denote “μ(Fe-occupancies × 5μB)” (see
Fig. SM4 in the supplementary material, data obtained from
Ref. 18). We hence use the occupancies from XRPD data to
predict the respective magnetic moments (occupancies × 5μB) in
PFYWO. Figure SM5 in the supplementary material shows the
compositional dependence of B-site magnetic moment evaluated
using the Fe-occupancies determined from the XRPD data
(Fe-occupancies × 5μB). The blue color and red color solid
symbols show the 4b and 4a-site moment, respectively. The black

color dashed line represents the average moment determined by
the formula [2/3 × (1 − x) × 5μB], which is consistent with the
average of 4a and 4b-site moment (solid symbols). The difference
in 4a and 4b-site moment is shown using hollow symbols. The
compositional dependence of M(μB/f.u.) at T = 5 K and H = 5 T is
shown in Fig. 8(b) (blue color). The value of M(μB/f.u.) increases
initially with increasing x; after a certain composition x > 0.2, the
M(μB/f.u.) decreases continuously. As shown in Fig. 8(b), this
behavior is consistent with the moment extracted from the
Fe-occupancies shown by the red color circular symbols.

As compared to PFSWO where the cationic order is strongly
dependent on heat treatments,18 the magnetic properties and phase
stability of PFYWO remain independent of such effects. The com-
parison of magnetic properties between quenched and slowly
cooled samples is shown in Fig. SM6 in the supplementary
material. The magnetic properties of these differently synthesized
samples are almost identical indicating ordered PFYWO samples
without any special heat treatment.

Although several relaxation mechanisms have been proposed
in the literature (see details in Ref. 44), it is still rather difficult to
identify the origin of the relaxor behavior in these systems, which
stems from the local nanoscale crystal structure ordering and asso-
ciated structural relaxation as well as inherent displacive cation dis-
order. The dielectric data from Fig. 9(a) are plotted in Fig. 11 as
the temperature dependence of normalized dielectric permittivity
εr/εr(Tm) for a selected frequency f = 0.02 MHz under zero mag-
netic field. Between the two extreme compositions, x = 0.1 appears
as a boundary composition below and above which the dielectric
behavior appears differently. The transition from a single dielectric
peak to a twin peak was noticed from x = 0 to x = 0.1. For x = 0.1,
the first peak at 192 K (f = 1 kHz) shows a frequency dispersion
and the second peak observed at 280 K is frequency independent,
suggesting a re-entrant ferroelectric behavior.21 This temperature is
in the vicinity of Tmag.

21 Below x≤ 0.1, all samples exhibit mag-
netic field dependence where the magnitude of εr decreases with
the application of the magnetic field. A similar H dependence is
observed for x = 0.2, whereas for samples with x > 0.2, εr is inde-
pendent of the superimposed magnetic field. The magnetic field
dependence εr and tanδ of two compositions x = 0.2 and 0.3 are
shown in Fig. SM7 in the supplementary material. Data for the
x = 0.4 and 0.5 compositions are also added in Fig. SM8 in the

FIG. 10. Temperature dependence of
(a) εr(T) and (b) tanδ(T) recorded
at various frequencies
(200 Hz≤ f≤ 2 MHz) for x = 0.2. The
circular symbols in the inset of (a)
show the logarithmic variation of τ as a
function of 1/(Tm − TVF) and the solid
continuous line is the best-fit to the
Vogel–Fulcher equation.
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supplementary material for completeness. The evolution of the
magnetic and dielectric properties of the system upon doping
is summarized in the electronic phase diagram depicted in
Fig. 12. The magnetic ordering temperature Tmag monotonously
decreases as x increases, while Tm, characteristic of the ferroelec-
tric relaxor behavior, slightly increases. The parameters
extracted from the Volger–Fulcher analysis of the dielectric data
are also included in the main frame and the inset of Fig. 12.
While TVF shows a relatively mild variation with the Yb content,
the activation energy Ea was found to increase by nearly an order
of magnitude as x increases, τ0 decreasing by several orders of
magnitude (see Table SM5 in the supplementary material for
numerical values).

CONCLUSIONS

Structural, magnetic, and dielectric properties of stoichiomet-
ric and single phased Pb(Fe1− xYbx)2/3W1/3O3 (0≤ x≤ 0.5) ceram-
ics have been investigated. Cationic order was observed over the
full concentration range of Yb susbstitution (0.1≤ x≤ 0.5). In this
“random site” structure, one position is occupied solely by Fe(Yb),
but the other contains a random mixture of W and the remaining
Fe(Yb) cations. The ordering of the structure is supported by
results from first-principles electronic structure calculations. It is
interesting to note that the effect of Yb and Sc substituents within
concentration range up to 50% on the ordering in PFWO is very
similar. As a result of the ordering and unbalanced occupancies of
the magnetic Fe3+ cations on the B-sites of the ordered structure,
the antiferromagnetic state of the undoped compound is switched
to a ferrimagnetic state with substantial magnitude of the excess
moment. Our results also show that Yb doping induces significant
changes of the dielectric properties of PFWO, particularly in the
low doping (x ∼0.1) region where re-entrant ferroelectric-like
behavior is observed.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental details con-
cerning the synthesis and analysis of the materials, and additional
tables and figures. The tables list the results of the analysis of the
composition (EDS), structural, magnetic, and dielectric properties
of the materials. The figures illustrate the microstructure (SEM
images) and give more details on the magnetic and dielectric prop-
erties of the compounds.
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FIG. 11. Temperature dependence of the normalized dielectric permittivity εr/
εr(Tm) for a selected frequency f = 0.02 MHz under zero magnetic field.

FIG. 12. Electronic phase diagram for the Pb(Fe1 − xYbx)2/3W1/3O3 series:
compositional dependence of the temperature onset of ( ferri)magnetic order
(Tmag), temperature of maximum of dielectric anomaly Tm at f = 0.2 MHz, and
dielectric freezing temperature (TVF) obtained from the Volger–Fulcher analy-
sis. The inset shows the corresponding activation energy (Ea) and pre-
exponential factor (τ0).
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