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ABSTRACT: We report on the crystal structure evolution and the physical properties of the

complex perovskite Pb(Fe,sTiposWy,5)O;. It presents a paraelectric to ferroelectric g

transition at T¢ = 293 K, determined by permittivity measurements. The room-temperature 2 6000

neutron powder diffraction pattern (NPD) shows an admixture of the ferroelectric phase 2

(34%, P4mm space group) and the paraelectric polymorph (66%, Pm3m space group). In & 350

both polymorphs, the perovskite crystal structure contains the three B cations (Fe, Ti, W) §

distributed at random at the octahedral sites, and Pb is shifted away from the center of the o

cubic (sub)cell. On the other hand, the presence of iron drives the appearance of magnetic

interactions above room temperature. This is related to the existence of Fe-rich islands where =

the strong Fe*’—O—Fe®" superexchange interactions govern the magnetic behavior. The £ 3

magnetic structure has been determined from low-temperature NPD experiments as a G- S a7 & %

type antiferromagnetic (AFM) cell. Furthermore, there is a net magnetization in the entire % éé? %

range of temperature, which is related to the existence of noncompensated spins in each 3 s @

island. The coexistence of ferroelectricity and a magnetically ordered system and the % a7

observation of a possible coupling between both phenomena allow us to suggest the I . : . . .

multiferroic-magnetoelectric nature of the sample. 150 200 is(‘:q 300 350

KEYWORDS: perovskite, ferroelectric, multiferroic, magnetoelectric, lead
Bl INTRODUCTION is commonly accepted that ferroelectricity only appears in non- 49
Multifunctional systems are appealing for materials researchers, centrosymmetric crystal Stmcmrei’ or polar nanoregions in the so
due to the great number of technological and fundamental case of relaxor type ferroelectrics,” while magnetic cations tend s1
opportunities that they present. An important type is to adopt highly symmetric coordination environments. This s2
constituted by the well-known ferromagnetic-ferroelectrics or fact 01.'igina.tes an incompa‘tibilit)f between bOt‘h types Of‘ ferroic s3
multiferroic-magnetoelectrics, which allow the magnetic control behawo‘rs, justifying thff dlﬂic.ultles obsel"veds in the design and s4
of electric polarization and vice versa, generating applications as synthesis of these multifunctional materials. 5s
novel random access memories, in which an electric field However, there are diverse strategies that have been s
switches the magnetization (electrical-writing) due to the developed to avoid tl'le mentioned .incompatibilities; the most 57
interaction that exists between both phenomena (magneto- commonly used consists of decoupling the centers responsible ss

electric coupling), while standard magnetic reading is
implemented."

The design of multifunctional materials is rather complex
because both properties call for a different type of require-
ments. On one hand, the presence of ferromagnetism requires
the existence of unpaired d-electrons (for instance in
(La,Sr)MnO;), whereas the ferroelectricity (e.g, in BaTiO;)
is generated by the off-centering of the Ti(IV) cation driven by
the existence of a strong hybridization between the metal d’-
states with the occupied oxide p-states;z’3 this kind of distortion
is called second-order Jahn—Teller effect (SOJT). In this way, it

v ACS Publications  © Xxxx American Chemical Society A

of ferroelectricity and ferromagnetism, by the 1nc0rporat10n of s9
different ions able to induce both kinds of orderings. 1% The 60
perovskite-type compounds are, for instance, a very good 1
starting point to perform the design of new multiferroic 62
materials because they have an enormous versatility to include 63
different type of cations in the lattice, such as first-row 64
transition metals at the B positions and p-block lone-pair 65

Received: February 11, 2012
Revised: ~ June 11, 2012

dx.doi.org/10.1021/cm300470f | Chem. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/cm

66
67
6
69
70
7
72
73
74
7
7
77
78
79
80
81
8
83
8
85
86
87
8
89
9
9
9
93
94
95

=3

—

N »n

[

X

®©

o = S

97
9

3

99

10
10
102
103
104
105
10
10
108
109
11
11
112
113
114
11
116
11
11
119
12
12
122
123
124
125
126
127
128
12
130

- O

~N N

=]

[

o

—_ O

o

Chemistry of Materials

elements at the A perovskite sublattice. In these samples, the
ns® lone pair acquires a polarization in a specific way, due to the
presence of a strong hybridization between the s- and p-states
of the cation with the oxygen p-states, giving rise to local
asymmetries and thus to ferroelectric or antiferroelectric
polarizations.""'> An alternative strategy consists of designing
perovskites including a solid solution at the B positions, by the
incorporation of a second asymmetry seed, related with the
replacement of a fraction of the magnetic atom with a d’-
ferroactive ion, like Nb(V) in Pb(Fe, ;,Nb, ,)O;"> ™" or W(VI)
in Pb(Fe2/3W1/3)O3.16

Promising candidates in the search of multiferroic materials
could be some derivatives of the perovskite BiMnO,,'” or the
highly distorted perovskites (In/Mn)(Fe,Mn)O; reported by
Belik et al.,"® which present a ferromagnetic ordering below 100
K, and a proposed, yet not experimentally demonstrated,
ferroelectric character at room temperature; however, these
compounds can be only obtained by using a high pressure and
high temperature synthesis technique. Another possibility is to
find new perovskites derived from PbTiO,'? in which, through
appropriate substitutions including magnetic ions, the induction
of magnetoelectric properties can be achieved. Following this
pathway and the strategies specified in the precedent paragraph,
we have designed and synthesized a perovskite of formula
Pb(Fe(sTig,sWo25)O5, with potential multiferroic behavior.
The crystal structure evolution of this sample has been
investigated by neutron powder diffraction (NPD) data
between 2 K and room temperature (RT); the study of
macroscopic magnetization and dielectric permittivity shows a
very interesting behavior due to the combination of magnetic
(d") and ferroactive (d°) ions at the B sublattice of the
perovskite, accompanied by the presence of a lone pair element
(Pb(I)) at the A sublattice.

B EXPERIMENTAL SECTION

Pb(FeysTig,sWo25)O03 (PFTW) was prepared by standard solid-state
techniques; as starting materials PbO (CERAC 99.99%), Fe,O;
(Strem chemicals 99.99%), TiO, (Strem chemicals 99.99%), and
WO, (Merck 99.9%) were used. They were weighed out in the
appropriate metal ratios and well mixed in an agate mortar. The
mixture was calcined at 600 °C in two steps of 12 h with intermediate
grindings. Subsequently, the product was heated at 800 °C for 24 h
and finally at 900 °C for 12 h until a single phase was obtained. All the
thermal treatments were carried out in sintered alumina crucibles and
in air atmosphere, and no weight losses were observed from the
starting reagents. PFTW was obtained as a well-crystallized dark red
powder.

Sample characterization was performed by X-ray powder diffraction
(XRPD) measurements using a Bruker-AXS D8 diffractometer (40 kV,
30 mA), controlled by DIFFRACT Plus software, in Bragg—Brentano
reflection geometry with Cu Ka radiation (4 = 1.5418 A). A secondary
graphite monochromator allowed the complete removal of Cu Kf
radiation. The data were obtained between 10 and 70° (26 scans) in
steps of 0.05°.

Neutron powder diffraction data were collected on the high
resolution powder diffractometer D2B (4 = 1.594 A) at room
temperature and on the D20 diffractometer (4 = 2.41 A) in a range of
temperatures between 2 and 296 K, at the Institut Laue-Langevin
(ILL), Grenoble, France. The powder sample was contained in a
vanadium cylinder. The refinement of the crystal and magnetic
structures was performed by the Rietveld method, using the
FULLPROF refinement program.”® A pseudo-Voigt function was
chosen to fit the diffraction peak shapes. The following parameters
were refined in the final run of the D2B high resolution data set: scale
factor, background coefficients, zero point error, pseudo-Voigt peak
shape function corrected for asymmetry, positional coordinates, and

isotropic thermal factors. For the sequential refinement from the data
set collected in D20, the z component of the magnetic moments
localized on the B-site atoms, the unit cell parameters, and the atomic
coordinates were also refined.

The magnetic measurements were performed in a commercial
superconducting quantum interference device magnetometer
(SQUID). The dc magnetic susceptibility data were collected in the
S < T < 400 K range, under an applied magnetic field of 1000 Oe.
Isothermal magnetization curves were obtained for magnetic fields
going from —$ to 5 T at 2, 150, and 350 K.

For the electrical characterization, ceramic disk samples were
processed by conventional sintering at 900 °C, thinned and electroded
with Ag paint (firing at 250 °C). The temperature dependence of the
dielectric permittivity was measured below RT down to 77 K with a
HP4284A precision LCR meter. Measurements were dynamically
carried out during a heating—cooling cycle from the liquid nitrogen
temperature at +1.5 K min™', and at several frequencies between 0.1
kHz and 1000 kHz.

Ferroelectric loops were also characterized in the same temperature
range. Low-frequency (0.1—10 Hz), high-voltage (up to 10 kV) sine
waves were applied by the combination of a synthesizer/function
generator (HP 3325B) and a high voltage amplifier (Trek model 10/
40A), and charge was measured with home-built charge to voltage
converter and software for loop acquisition and analysis.
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Structural Determination at RT. The XRPD pattern of 1s6

PFTW obtained at RT, typical of a perovskite structure, is

shown in Figure 1. No superstructure reflections were observed
16000
- ===1
XRPD, Cu Ka | 00) | @11)
12000 ! 1
T=300K : :
! 1
S 8000 I \
S ! 1
> L o— = = =
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8 4000
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Figure 1. Rietveld fit from X-ray powder diffraction data of a
conventional cubic (a & 4 A) perovskite structure. The inset shows the
poor resolution obtained for the (200) reflection.

in this pattern; as a first approximation, it has been indexed in
the cubic system, space group Pm3m (no. 223), with a unit-cell
parameter a ~ 4 A. Figure 1 illustrates an acceptable Rietveld fit
using this model. However, a closer analysis of several regions
of the refinement shows that some reflections are broadened
(see the inset of Figure 1, first related to the [200] reflection),
which cannot be solved with the proposed crystallographic
model.

To go deeply in the understanding of this system, we have
performed a neutron diffraction study at room temperature.
Figure Sla (Supporting Information) shows that after the
refinement using a simple cubic structure the mentioned
widening is more pronounced and not solved by the model, as
illustrated in Figure S1b—d in the Supporting Information. This
fact could be related to a paraelectric to ferroelectric phase
transition (PE—FE) revealed by the permittivity measurements
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(see the next section), and could be associated with a phase
coexistence of a cubic-paraelectric polymorph and polar (non-
centrosymmetric) polymorph, since the phase transition occurs
near RT.

We have analyzed different possible symmetries that could be
adopted by the second polymorph, using three of the most
commonly observed ferroelectric perovskite structures: the
rhombohedral R3¢ and R3m structures and the tetragonal
P4mm one. From several Rietveld refinements, the system
where the cubic (@ polymorph, P,) and the tetragonal P4mm
structure (/8 polymorph, Pj) coexist yields the best fit.

The model of the cubic polymorph is the typically observed
in simple perovskites, where the three B-cations are located at
the same crystallographic 1a Wyckoff sites (000), Pb atoms at
1b positions (*/, '/, /) and O atoms at the 3d-sites (*/, 0 0).
On the other hand, in the tetragonal P4mm cell, it is necessary
to define two types of crystallographically nonequivalent
oxygen atoms; one located at the ('/, '/, z) position and the
second at ('/, 0 z). Lead atoms are placed at la sites (0 0 z)
while the B cations at (!/, !/, z). In the later structure, all the
atoms present a variable z-coordinate, suggesting the presence
of atomic displacements along the c-axis of the unit cell; this
fact gives rise to the polar nature of the fS-polymorph crystal
structure. From the refinement of the scale factors at RT, there
is a coexistence of a major cubic polymorph (66(4)%) and a
minor tetragonal phase (34(4)%). In this two-phase model, all
the reflections are correctly solved, as shown in Figure 2. Table

10000 NPD, & = 1.594 A
8000 T=300K
6000 -
4000

2000 U
.. )

0 - [ | I [ |

Intensity (Counts)

-2000 - b 4 N

T T T
20 40 60 80 100 120 140
20 ()

Figure 2. Two phases Rietveld refinement from NPD data at RT for a
mixture of a main cubic Pm3m polymorph and a tetragonal P4mm

polymorph.

I lists the unit-cell parameters, atomic positions, isotropic
thermal factors, and reliability factors of the refinement
including both polymorphic phases, and Table II contains the
main bond lengths and some selected bond angles.
Dielectric Permittivity Measurements. The dynamic
measurements performed as a function of temperature on a
sintered pellet of PFTW are shown in Figure 3a; additionally
several curves collected at different frequencies are displayed in
Figure S.2 in the Supporting Information. These curves exhibit
a well-defined, sharp maximum in the real part of the
permittivity, at 293 K approximately, showing a marked
thermal hysteresis (AT & 13 K) and whose position does
not shift with the applied frequency. This fact is in agreement
with the presence of a paraelectric-to-ferroelectric (PE—FE)
macroscopic phase transition near RT. Note the presence of a
large dielectric dispersion from 175 K, which is usually

Table I. Unit Cell Parameters, Positional and Displacement
Parameters, Isotropic Thermal Factors, and Reliability
Factors for both P, and Py, from NPD at 295 K

param. P, (Pm3m) Py (P4mm)
a=b(A) 3.9762(1) 3.9648(2)
c (A) =a 3.9933(3)
volume 62.865(4) 62.774(6)
c/a 1 1.007
Pb Environment
x 0.471(2) 0
y 0.471(2) 0
z 0.471(2) 0.613(3)
B, (A?) 0.91(5) 1.2(3)
B Environment
x 0 0.5
y 0 0.5
z 0 0.084(4)
B, (A%) 0.14(4) 1.32(5)
O1 Environment
x 0 0.5
y 0.5 0.5
z 0 0.555(4)
B, (A%) 0.78(4) 1.92(2)
02 Environment
x 0.5
y 0
z 0.048(2)
B, (A%) 1.57(2)
% phase 66(2) 34(2)
Reliability Factors
Raprogg 1.90 2.54
Ry (%) 8.32
R, (%) 8.11
Ry, (%) 391
Va 4.30

Table II. Main Interatomic Distances (A) and Angles (deg)
Obtained for Both Polymorphic Phases from the NPD Data
Refinement at 295 K

P, (Pm3m) Py (P4mm)
PbO,,
Pb—O (1) 6 x 2.815(1) 4 x 2.6351(1)
Pb—O (1) 3 x 2.642(1) 4 % 3.0042(1)
Pb—O (T 2) 3 x 2.979(1) 4 % 2.8132(1)
(Pb—0) 2.8127 2.8175
Spp 021 0.452(3)
BOg
Bond Lengths
B-O 6 x 1.9881(1) 4 x 1.9877(8)
B-O 1.8795(1)
0.5 2.1138(1)
(B-0) 1.9881 1.9907
5y 0 0.234(3)
Bond Angles
01-B-01 180.0 180.0
0O1-B-02 90.0 94.2(3)
02-B-02 180.0 171.6(2)

indicative of the triggering of conduction. The evolution of 218
the reciprocal permittivity is shown in Figure S.3 in the 219
Supporting Information as dots, and a Curie—Weiss fitting in 220
the paraelectric phase is represented by a full red line. From this 221
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Figure 3. (a) Temperature dependence of the real permittivity (full
line) and dielectric losses (dotted line) of PETW collected at 1 MHz.
The arrows indicate the temperature progression. (b) Electric
polarization as a function of the applied electric field, showing a
hysteresis loop obtained at 150 K with an external frequency of 0.1 Hz.

222 fit, a Curie—Weiss constant of 1.376 X 10™° K was obtained, in
223 the typical range for displacive ferroelectric transitions and very
224 close to that of BaTiO;.>' The Curie—Weiss temperature was
25 Te = 297.3 K, which is higher than the temperature of the

dielectric maximum. This indicates that the FE tetragonal phase
exists at temperatures above the maximum, most probably up

226
227

to 330 K, temperature at which the reciprocal permittivity 228

deviates from the Curie—Weiss behavior. This somehow
resembles the behavior of materials showing a relaxor to
ferroelectric transition, such as 0.65 Pb(Mg;/;;Nb,/;)0;—0.35
PbTiO,,** for which polar nanoregions start nucleating at
temperatures well above the transition temperature. The
ferroelectric nature of the low temperature structure was
confirmed by the measurement of a hysteresis loop at 150 K.
This is plotted in Figure 3b and presents a remnant polarization

229
230

of +5.7 uC/cm? and a coercive field that reaches the value of 237

1.7 kV/mm at 2.5 kV/mm maximum field.

Following of the Phase Transition and Magnetic
Structure at Low Temperatures. Given the proximity of the
paraelectric to ferroelectric phase transition to RT (T ~ 293
K) in our PFTW oxide, we have an admixture of both
polymorphs in the NPD pattern at RT. The phase transition
sequence P4mm (low-temperature polymorph) — Pm3m
(high-temperature polymorph) is that previously reported for
the paradigmatic example of PbTiO;>

The structural evolution has been followed from sequential
NPD data in the 2—296 K range. Figure 4a shows a
tridimensional plot of the neutron diffraction patterns collected
at D20 in this temperature range. Despite the longer
wavelength used in D20 (4 = 2.41 A), allowing us accessing
to a reduced number of reflections, the study of the crystal
structure evolution could be performed without significant
problems given the high symmetry of both phases. Certain
reflections, such as the (200) ;. around 26 = 75°, undergo a
strong reorganization upon the phase transition.

Figure 4b shows the thermal evolution of two reflections: the

238

(111) qupic shows no widening or splitting in the entire range of 258

temperature, supporting in this way the selection of the
tetragonal model instead the rhombohedral ones, in which the
mentioned cubic reflection should split into two components
(006) and (202) upon the transition to the low-temperature

a)

17
50.5
T (K)
1242
202.
294.8 Mai
- el 783
* 20()

b)

111, = (111
oned  (10e= (111, (200),
S 80004
K
>
S
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£ 4000
0_
T T // T T T
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Figure 4. (a) Thermal progression of the neutron powder diffraction patterns collected at D20 from 2 to 296 K. (b) Temperature evolution of the

(111) and (200) cubic reflections.
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polar polymorph. Moreover, the choice of the tetragonal model
is sustained by the splitting observed for the (200).u;c
reflection into two components, the (200).,, and the
(002),¢ry in agreement with the appearance of an expansion
along the c-axis and a contraction of the ab-plane. From the
analysis of the splitting model, no evidence of interoctahedral
tilting was observed, which is in agreement with the proposed
tetragonal model.

On the other hand, the phase transition is accompanied by
the development of two tiny peaks at 20 = 30° (d, = 4.56 A)
and 20 = 60° (d, = 2.38 A), which grow in intensity as
temperature decreases; these peaks are independent of the
crystal structure reflections. This fact is related to the
development of a long-range magnetic ordering, probably
consisting of an antiferromagnetic structure. Figure S.4,
Supporting Information, shows a zoom of the low-angle
region: the magnetic peaks have nonzero intensity even at
room temperature, suggesting that Ty> 296 K. The magnetic
structure has been modeled as a G-type AFM cell, based on the
tetragonal P4mm polymorph, which is characterized by a
propagation vector k = ['/, '/, '/,], in which the magnetic
moments situated on the Fe(III) cations are oriented parallel to
the c-axis and they are antiferromagnetically coupled to the six
nearest neighbors (disregarding, so far, the cationic disorder).
The evolution of the crystal and magnetic structures has been
investigated by sequentially refining the NPD patterns from 2
to 296 K. Figure § illustrates the fit of the pattern collected at 2
K, where observed and calculated patterns are in excellent
agreement for the proposed model.

d (] (]
120009 NpD, 2= 2.40 A © °
T=2K
9000 -
0
S 6000
[e]
e
2 3000
n
C
) )
E 0 N | | | | |
I | Il 1 Il
-3000 +———+— Mo |

20 40 60 80 100 120
26 (°)

Figure 5. Observed (crosses), calculated (full line), and difference
(below) NPD patterns at 2K after the Rietveld refinement of the

crystal and magnetic structures of PETW. The first and second lines of

reflections represent the cubic and tetragonal polymorphic phases,
whereas the third line represents the magnetic cell. The inset shows
the magnetic structure model (G-type) used in the refinement.

Figure 6 shows the thermal evolution of the unit-cell
parameters (Figure 6a), the tetragonality index (Figure 6b), and
the fraction of each polymorph between RT and 2 K (Figure

296 from RT to low temperatures, in agreement with the presence
297 of a phase transition, showing two different zones: The first one

298

is the cubic or paraelectric zone where the alpha polymorph

299 rules the structure and properties of the perovskite. Then, at
300 temperatures lower than 293 K the tetragonal polymorph is the

301

most stable structure and the sample becomes ferroelectric. It is
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Figure 6. (a) Thermal evolution of the unit-cell parameters obtained
for both polymorphic structures: a; and cp represent the tetragonal
parameters, while a is referred to the cubic parameter. (b) Thermal
evolution of the tetragonality index defined as t = cp/ar. (c)
Dependence of the percentage of each polymorph with temperature:
The blue line represents the concentration of the tetragonal phase and

the black one the corresponding to the cubic sample.

remarkable that both polymorphic phases coexist in the entire
range of temperature, from the transition temperature down to
2 K, which is quite an unexpected behavior for a conventional
ferroelectric transition. We will come back to this issue in the
Discussion.

The evolution of the cubic unit-cell parameter shows a little
and steady contraction as temperature diminishes, while the
tetragonal polymorph displays a contraction of the a (=b)
parameter and an expansion of the ¢ parameter. The
contraction of the ab plane and the expansion along the c-
axis implies an enhancement of the tetragonal distortion of the
structure (tetragonality index, defined as ¢t = ar/cr), which is
due to the antiparallel shifting (on the c direction) of both
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315 cationic sublattices in respect to the anionic one. At 2 K the
316 tetragonality index reaches a value of 1.022 (see Figure 6b).

317 Magnetic Measurements. The thermal evolution of the
318 magnetic susceptibility for Pb(FeysTig,sWo,5)O; is displayed
319 in Figure 7a. The susceptibility increases upon cooling, showing
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Figure 7. (a) Thermal evolution of the magnetic susceptibility: field
cooling (blue circles) and zero field cooling (black triangles). The inset
shows the derivative curve of the susceptibility. (b) Thermal evolution
of the effective magnetic moment obtained as g = \/ (8¢T). Red
arrows indicate the magnetic events.

320 two anomalies signaled with arrows. The inset shows the
321 susceptibility derivative curve, where the mentioned magnetic
322 events are localized at 137 and 61 K. In addition, we have
323 observed no Curie—Weiss behavior in the entire range of
324 temperature, in agreement with the presence of magnetic peaks
325 at room temperature in the NPD patterns. Finally, both FC and
326 ZFC curves present a separation at temperatures lower than 30
327 K, which could be related to the development of some kind of
328 freezing phenomenon giving rise to a spin glass or a cluster
329 glass state.

330  The nature of the magnetic events can be understood from
331 the analysis of the thermal evolution of the effective magnetic
332 moment, calculated as p.g = \/ 8yT. This one is plotted at
333 Figure 7b, and the previously remarked magnetic events are
334 related to abrupt drops of the paramagnetic moment and thus
335 of the long-range antiferromagnetic ordering of the spins.

336 On the other hand, Figure 8 shows three isothermal
337 magnetization curves collected at 350, 150, and 2 K. From
338 these data, it is possible to observe the presence of a tiny
339 hysteresis loop at 350 K with a little coercive field (200 Oe). At
340 150 K, the magnitude of the coercive field presents a little
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Figure 8. Isothermal magnetization curves measured at 2, 150, and
350 K for PFTW.

decrease (80 Oe). However, the loop collected at 2 K shows an 341
important increase of the coercive field (1800 Oe) and the 34
remnant magnetization, suggesting the presence of a possible 343
canting in the antiferromagnetically coupled magnetic mo- 344
ments. 345

B DISCUSSION 346

From the structural Rietveld refinement performed at RT, two 347
polymorphic phases were observed. The cubic paraelectric one 348
(66(4)%) presents a disorder of the lead atoms typically 349
observed in lead-based perovskites. We have modeled this 3s0
disorder and have found the existence of a 0.21 A shift from the 3s1
center of the polyhedron along the [111] cubic direction of the 352
unit cell. Additionally, the B cations (Fe, Ti, W) are distributed 3s3
at random at the same crystallographic site, which gives rise to a 354
solid solution at these positions. Finally, we have checked the 3ss
possible presence of oxygen and lead vacancies, and no 3s6
deviation from the nominal stoichiometry was observed within 357
the experimental error. 358

The tetragonal polymorph is defined in a polar (non- 350
centrosymmetric) space group. The defined distortion is related 360
to several cationic shifts, and there is no evidence of octahedral 361
tilting. The crystal structure of the tetragonal polymorph is 362
characterized by an expansion of the ¢ axis and a compression 363
of the ab-plane with respect to the cubic phase. At room 364
temperature, the tetragonal distortion is very subtle, showing a 365
tetragonality index (t = c¢/a) of 1.007, while the observed for 366
the isostructural PbTiOj is of about 1.06 at RT.>* However, it is 367
important to remark that the FE phase of PbTiO; is stable up 368
to the Curie temperature of 763 K, whereas the present PETW 369
phase shows a Curie point of roughly 300 K. In relation to the 370
nature of the phase transition, the existence of thermal 371
hysteresis in the transition temperature and the coexistence 372
of both polymorphs in this temperature range suggest it to be 373
first order. However, the Curie temperature higher than the 374
transition temperature, the loss of the Curie—Weiss behavior 375
from a temperature 40 K above the transition temperature, and 376
mainly, the persistence of significant levels of the cubic 377
paraelectric phase down to 2 K indicate that this is not the case. 378

Coming back to the crystal structure of this polymorph, 379
detailed in Figure 9, it is interesting to note that the expansion 38 ®
of the c-axis is linked to relative shifts of both the anionic (0*) 381
and cationic sublattices along the mentioned direction. As a 382
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2.6351(1) A

2.8132(1)A

Figure 9. Schematic representation of the crystal structure of the
tetragonal polymorph under study. The left panel details the
octahedral distortion of the B cation and the right panel shows the
lead coordination polyhedron.

383 result, the A and B cations are shifted from the center of the
384 respective polyhedra, as follows. Lead atoms show an off-
385 centering of 0.452 A along the [001] direction. As a
386 consequence, there are three groups of Pb—O bond lengths,
387 which are detailed in Table II. There are four long Pb—O1
388 distances, four intermediate Pb—O2 ones, and four short Pb—
389 O1 bond lengths. An additional cationic off-centering is
390 observed for the B-site atoms, which are displaced from the
391 center of the octahedron along the C1 local-direction, which is
392 the same as the [001] one. This shift emphasizes the dipolar
393 moment present at the unit cell of the ferroelectric polymorph,
394 and guides the B cations to an ideal square pyramidal
395 coordination. However, in this case, the magnitude of the
396 shift is smaller, taking the value of 0.234 A, maintaining a
397 distorted octahedral coordination. On the other hand, several
398 isostructural compounds have previously been reported, such as
399 BiCoO;** oxide, which shows a pentagonal coordination of the
400 cobalt cations, as a result of the presence of a severe tetragonal
401 distortion (room-temperature tetragonality index t = 1.267).
402 To evaluate the octahedral distortion, the Ad parameter has
403 been calculated, as defined by Halasyamani:*®

_ (M —01) — (M — O2)ll
"~ llcos(O1 — M — O2)II
(M — 03) — (M — O4)ll
Ilcos(O3 — M — O4)l
(M — 0S) — (M — 06)ll
llcos(OS — M — O6)ll

404 where the pairs (01,02), (03,04), and (0S,06) are the
405 oxygen atoms that constitute the octahedron and are located in
406 opposite positions from each other. The obtained value for the
407 BOg octahedron in PFTW is Ad = 0.234, and it falls into the
408 first category defined by Halasyamani,® with a magnitude
409 located in the range of 0.05 < Ad < 0.4; following the criteria
410 proposed by the author, this figure corresponds to a weak
411 magnitude of octahedral distortion.

412 This kind of distortion has been rationalized by ab initio
413 studies using density functional theory (DFT) methods, and it
414 is related with the presence of transition metal ions with d°
415 electronic configuration, which suffers a second-order Jahn—
416 Teller distortion.”® This effect occurs, in the case of ions in
417 octahedral coordination, when the empty d-orbitals of the
418 metal are mixed with the p-states of the oxide ligands. In
419 extended structures, this mixture results in a great number of

Ad

= =

= =

—_

degenerated electronic configurations, which can be removed 420
by the appearance of a spontaneous shift of the metal from the 421
center of its polyhedron in a particular crystallographic 422
direction. 423

Taking this fact into account, it is important to remark that 424
the sample presents three different types of cations (Fe** (3d°), 425
Ti* (3d°), and W (5d°)), randomly located at the B 426
sublattice. In fact, Ti and W cations present a marked 427
ferroactive character driven by the small ionic radii and the 428
d° electronic configuration. Moreover, as Fe atoms are d® 49
cations, in high spin configuration there is no crystal field 430
stabilization for any particular geometry and the coordination 431
environment could be quite distorted, as it occurs in BiFeO;.” 432
In fact, the presence of three different cations at the octahedral 433
sites and the different tendencies to exhibit SOJT effects, could 434
be in the origin of the high value of the isotropic thermal factor 435
(B, = 1.2(3) A?) obtained from the NPD refinement at RT, 436
suggesting that there is a small disorder in the shifting pattern 437
of the three different cations. In order to get a deeper 438
description of the local environments of the B-site cations, 439
EXAFS experiments should be carried out. 440

All of these data derived from the crystallographic analysis 441
are in agreement with the dielectric measurements, which 442
present an intense peak in the real part of the permittivity, 443
independently of the applied frequency. Moreover, a clear 444
ferroelectric hysteresis loop has been recorded at 150 K 445
confirming the ferroelectric nature of the f-polymorph. The 446
calculation of the expected polarization from the atomic 447
displacements, taking into account the nominal ionic charges, 448
was carried out by using the equation: 449

R=V") Zes

where V is the unit-cell volume, Ze is the nominal atomic 4s0
charges, and ¢ is the atomic displacement. As all the atomic 451
displacements occur along the c axis and there is not axial (ab- 452
plane) contribution, the sum was calculated directly from the § 4s3
magnitudes obtained from the refinement. The obtained value 454
is 75 uC/cm?® for a single crystal; in a ceramic powder this value 4ss
must be divided by 3. Moreover, the use of nominal charges 4s6
(even though the covalency of the chemical bonds can decrease 457
the final value of the polarization) is also an important source of 4ss
errors. Another effect that reduces the experimental polar- 4s9
ization is the presence of a dilution with the paraelectric cubic 460
phase. Finally, we should take into account the nonsaturation 461
conditions of the hysteresis loop, which is also indicated by the 462
loop shape; higher fields could not be applied because of 463
dielectric breakdown. 464

As temperature decreases, the magnetic correlations become 465

stronger; Figure 10 shows the thermal evolution of the 466 f10

magnetic moment derived from the sequential Rietveld 467
refinement of the magnetic structure from the D20 NPD 468
data set. The magnetic unit cell is shown at the inset of Figure 469
S. It is remarkable that at room temperature there is a 470
significant net magnetization characterized by the presence of 471
low intensity magnetic peaks. The refined value of the magnetic 472
moment for the Fe cations at 2 K was 4.1(3) pp, which is 473
smaller than the expected value of pi.g = 5.00 gy (S = 5/2). At 474
the same time, this value is in reasonable agreement with the 475
magnetic moments of Fe found previously in magnetically 476
ordered Pb perovskites.”*>° As we have mentioned previously, 477
the crystal structure of PFTW corresponds to that of a B-site 478
disordered perovskite, in which the Fe, W and Ti cations are 479
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Figure 10. Thermal evolution of the ordered iron magnetic moments
derived from the Rietveld refinement of the magnetic structure from
NPD patterns collected from 2 to 296 K.

distributed at random in the octahedral positions. Thus, only
50% of these sites are occupied by the magnetic Fe®* ions. It is
likely that the strength of the antiferromagnetic interaction is
severely reduced both by the disordered spatial distribution of
the Fe ions and by the dilution caused by diamagnetic W and
Ti cations.

By this way, the sample statistically exhibits Fe-rich islands in
the bulk. They are characterized by strong antiferromagnetic
interactions through Fe’*—O—Fe’" superexchange paths, as it
occurs in LaFeOj;, in which the AFM ordering is reached at
temperatures greater than 750 K. Additionally, a second kind of
magnetic interaction is expected, given by the Fe—O—W—-0O—
Fe and Fe—O—Ti—O—Fe super-super-exchange paths. These
interactions are weaker than the Fe—O—Fe ones, so they take
place at lower temperatures. Both kinds of magnetic orderings
have been observed in the well-known perovskite Pb-
(FeysW1/3)0; (PEW),*" which presents a completely dis-
ordered cationic distribution. This argument justifies the
presence in PFTW of magnetic interactions at temperatures
higher than RT, due to the strong Fe—O—Fe AFM coupling
and, also, the inclusion of the second AFM super-super-
exchange path at approximately 140 K, revealed by the peak in
the susceptibility curve observed in Figure 7. Finally, from the
magnetization curves shown at Figure 8 it is clear that the
sample is not a conventional antiferromagnet. In fact, it is quite
probable that the Fe-rich islands present uncompensated
magnetic moments, resulting in a weak-ferromagnetic (WFM)
behavior, which gives rise to a net magnetization in each island,
manifested as a macroscopic magnetization of the bulk sample.
Although the sample seems to be pure from the diffraction
experiments, it is not possible to unambiguously assign the
observed ferromagnetic response to the main phase rather than
traces (below diffraction detection limit) level of iron oxide
impurities. However, the presence of magnetic reflections at
room temperature following the k = [ '/, '/, '/, ] wavevector
for the main phase suggests that the magnetic behavior is due
to the main phase.

Chemical in-homogeneity islands might also been respon-
sible of the distinctive features shown by the ferroelectric
transition and the persistence of high-temperature cubic phase
well below the transition. The scenario might be like this:
islands of FE tetragonal phase would start nucleating at ~330
K, causing the deviation from the Curie—Weiss law in the

(average) paraelectric phase. The relative volume and size of s23

these FE tetragonal phase would steadily increase on cooling
until its coalescence at the transition temperature (the
percentage of FE phase is close to 33% at this temperature,
which is basically the percolation threshold in 3D networks).
Nevertheless, islands of paraelectric phase still remain within
the (average) FE phase. Whether the Fe-rich regions
correspond to the initial FE nuclei or to the islands that have
not still undergone the phase transition at 2 K cannot be
elucidated with the available results. As said before, this
behavior strongly resembles that of relaxor to ferroelectric
transitions, and a major role of B-site disorder in the observed
phenomenology can be assumed.

All this information is invaluable since this sample shows the
coexistence of a ferroelectric and an antiferromagnetic ordering
with a component of weak ferromagnetism, giving rise to a
multiferroic state at temperatures very near RT. It is worth
remarking that this would be an example of type I multiferroic
(independent magnetic and electric orderings), among which
only BiFeO; shows a higher ferroelectric transition temper-
ature.”” To find any interaction between both kinds of ferroic
properties, we have analyzed in detail the evolution of the
effective magnetic moment calculated as \/ (8¢T) and plotted

524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

as a function of temperature in Figure 7b. A careful analysis of s46

the curve in the room temperature region shows the presence
of a maximum in the magnetic moment that is centered at 300
K, approximately (see inset of Figure 7b). This event matches
the development of the ferroelectric state, suggesting a
correlation with the magnetic properties that can be interpreted
as a magnetoelectric coupling below 300 K.

Finally, it is interesting to compare with previous results
obtained for PEW,* a relaxor perovskite that remains cubic in
the temperature range, showing a relaxor state instead of a FE
transition. In PFTW the presence of the ferroactive Ti** ion
seems to be responsible for the ferroelectric behavior,
concomitant with the observed cubic—tetragonal transition.
However, not all the material undergoes the transition at the
same time, and a significant amount of cubic phase remains
down to 2 K, which suggests the presence of chemical
inhomogeneities. These must occur in a very small scale, for
they are not unveiled by the Rietveld analysis, and they are
likely related to the Fe-rich islands proposed to explain the
appearance of antiferromagnetism well above room temper-
ature. The material would develop then separated perovskite
magnetic and ferroelectric phases by mechanisms similar to
those taking place in relaxors. This could explain the significant
magnetoelectric effect as a result of the mechanical interaction
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of the phases. This interaction, similarly to the case of 570

multiferroic nanocomposites,>” requires the piezoelectricity and
magnetostriction of the phases. As much appealing as this
scenario is, it is necessary to carry out a high spatial resolution
structural study by advanced TEM techniques to confirm this
point.

B CONCLUSIONS

Pb(FeysTig,sWo25)O5 presents a polymorphic admixture at
room temperature, due to the existence of ferroelectric phase
transition at Tc =~ 293 K. The polymorphic mixture is
composed of a simple cubic perovskite belonging to the Pm3m
space group (paraelectric in nature) and by a tetragonal P4mm
polar structure, which is isostructural to the observed for
PbTiO;. In both phases the B cations (Fe, Ti, W) are
distributed at random on the same crystallographic sites. At
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room temperature, just on the brink of the transition, the
tetragonal to cubic phase ratio is 34%/66%, and it slowly
increases when cooling down the sample, reaching the
maximum value of 80%/20% at 2 K. The (average) paraelectric
to ferroelectric transition is observed in the dielectric
measurements as a sharp and intense peak in the real part of
the permittivity. Moreover, we have confirmed the ferroelectric
nature of the tetragonal polymorph by obtaining a hysteresis
loop at 150 K. On the other hand, a weak ferromagnetic state
has been observed from the magnetic susceptibility measure-
ments, probably generated by the presence of noncompensated
magnetic moments in Fe-rich islands which are a consequence
of the cationic disorder in the crystal structure of the sample.
Chemical heterogeneity might be also responsible of the
persistence of a significant fraction of cubic paraelectric phase
below the average transition temperature (~300 K). Finally, we
have observed a possible magnetoelectric coupling by analyzing
the thermal evolution of the effective magnetic moment, in
which a peak is observed at the same temperature as the
ferroelectric ordering. This is an example of near-room-
temperature type I multiferroic, among which only BiFeOj;
shows a higher electrical ordering temperature.
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Additional figures including Rietveld refinement plot, temper-
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