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ABSTRACT: Structural properties and the influence of d
electrons’ insertion in PbTiO; have been determined in the
study of PbM, _,M,’ O3 (M, M’ = Tj, Cr, and V) solid solutions
by means of X-ray diffraction, high-resolution transmission
electron microscopy, magnetization measurements, and strain
mapping analysis. PbTi;_,V,O3 is the only system that pre-
serves the same space group (P4mm) for all x, whereas
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PbTi, ,Cr,O;3 and PbV,; ,Cr,O5 change to cubic (Pm3m) at x = 0.30 and 0.4, respectively. These values have been related
with the percolation threshold for a cubic net (P, = 0.31). The microscopy study coincides with the X-ray diffraction determination,
and neither supercell nor short-range order maxima are observed. However, for x > 0.7 in PbTi, ,Cr,O5 the presence of modulated
zones is observed in both the electron diffraction pattern as well as high-resolution transmission electron micrographs, as is typical
for PbCrO3.1 Furthermore, the tetragonal region in PbV,_,Cr,O; suffers a great stress because of the contrast of [Cr—Og]
octahedra and [V—Os] square-based pyramids end members basic units.

B INTRODUCTION

The perovskite PbTiO; presents a ferroelectric-tetragonal to
paraelectric-cubic phase transition with increasing temperature”
or pressure.” Much research has focused on PbTiO; solid
solutions because of their potential applications in piezoelec-
tronic devices, e.g., transducers, actuators, or detectors.* Thus, a
fundamental understanding of the relationship between the
structure and the properties of solid solutions should be inves-
tigated. The majority of the substitutions have been done in the B
site of the perovskite. The best known solid solutions with simple
perovskites are with BaTiO3z, BaZrO;, and PbZrO;, where
morphotropic phase boundaries (MPB) are present, except in
BaTiO3—BaZrO3.5 MPB in these systems makes reference to a
steep boundary that separates two well-defined regions of
different symmetry, where the piezoelectric coeflicients and
dielectric constants exhibit anomalously sharp maxima.®

There are also solid solutions with complex perovskites, e.g,,
(1 — x)Pb(Mg;/3Nb, 3)O3—xPbTiO;, [PMN]—[PT], or (1 — x)-
Pb(Zn, 3Nb,/3)O3—xPbTiOs, [PZN]—[PT], where a transi-
tion from normal ferroelectric to relaxor ferroelectric takes
place.” Understanding the mechanisms that produce the high
piezoelectric response of these solid solutions near the MPB has
been of interest for more than 50 years.® ' Recent studies
showed that an intermediate monoclinic phase exists between
the rhombohedral and the tetragonal PZT phases,"" thus answer-
ing many of the questions about the nature of the MPB and the
underlying basis for the special physical properties around this
region.6 However, Ahart et al. stated that the origin of the MPB
is due to the tuning of the high-pressure MPB in pure PbTiO;
to ambient pressure via solid solutions with other lead
perovskites.'>
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Following this concept of lowering the MPB to ambient
pressure in PbTiO3 and combining it with the insertion of d
electrons, we selected two simple lead perovskites, PbVO; and
PbCrO3, and synthesized solid solutions between them.

On the one hand, PbVO;'® presents the largest tetragonal
distortion, ¢/a = 1.23, among the PbTiO3 compounds and due to
the electronic configuration of the V** (3d"), which promotes
the V—O vanadyl bonding with a d,, orbital ordering, also shows
a two-dimensional antiferromagnetism with long range order at
Ty = 43—50 K.** This material has caused a great stir due to its
possibility for multiferroicity, finally proved in thin films with an
effective piezoelectric coefficient ds3 & 3.1 pC/N."*> However,
this behavior has not been observed yet in bulk.

On the other hand, PbCrO3;, synthesized under high pressure in
the late 1960s,"® was claimed to be cubic and with antiferromagnetic
order at Ty = 160 K.'*® However, it has been shown that it presents a
compositional modulation which averages to a cubic structure and
weak ferromagnetic order with a spin reorientation along ~100 K.""

In this article we present the structural, microstructural, and
magnetic results of the PbM, ,M,'O3 (M, M’ = Tj, Cr, and V)
solid solutions. Although we could not find a MPB in the sense of
an intermediate phase between two well-established regions, we
related the structural trends with the percolation limit of a cubic
net (P. = 0.31).

B EXPERIMENTAL SECTION

The syntheses were performed in a belt-type apparatus. Correspond-
ing stoichiometric amounts of PbO, TiO,, VO, (99.99% Aldrich pure),
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Figure 1. Powder X-ray diffraction data for PbM,; _,M,/O; (M, M’ =T},

Cr, and V) solid solutions. They show the evolution of the (101) and
(110) peaks as a function of x.

and CrO, (BASF) were placed in gold capsules and heated between 800
and 1200 °C under a pressure of 20—80 kbar depending on the x values
as detailed in Figure S1 in the Supporting Information.

All of the samples have been characterized by means of X-ray powder
diffraction performed in a Panalytical X'Pert PRO MPD (Cu Ko source,
Ge monochromator) diffractometer with a step size of 0.033° from 10°
to 110° 26 and a counting time of 10 s/step. The diffraction patterns
were analyzed with the Rietveld procedure following the Fullprof
program.”® Backgrounds were fitted using linear interpolation, and peak
shapes were modeled by a pseudo-Voigt function. The high- and low-
temperature X-ray diffraction experiments were carried out in an X'Pert
Pro MPD diffractometer with an Anton Paar HTK1200 high-tempera-
ture stage and an Oxford Cryosystems Phenix low-temperature stage,
respectively.

High-resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) were performed on a JEOL
JEM 3000F-Field Emission Gun microscope and on a JEOL JEM
FX2000, respectively. The composition of each sample was checked
by energy-dispersive X-ray spectrometry (EDX; Link Pentafet 5947
model, Oxford Microanalysis Group) by in situ observations. In addi-
tion, an ENFINA EELS system placed on the 300 keV microscope for
electron energy loss spectra (EELS) acquisition was used. The spectro-
meter was operated in diffraction mode with a collection semiangle of
8.9 mrad and a dispersion of 0.2 eV/px. Under these conditions, the
core-level energy loss spectra are well described by the dipole
transition.”' The background of the spectra has been modeled with an
inverse power law, and multiple scattering contributions were removed
by a Fourier-ratio deconvolution.”> We aligned the spectra by fixing the
Cr-Ls-edge energy to the value obtained by XPS for Cr** in CrO,, 5763
ev.?

Strain mapping analysis was carried out in the high-resolution images
following the Peak Pairs method”* with the help of the Straintool
running under Matlab.>®

Magnetic properties were measured with a Quantum Design MPMS-
XL SQUID magnetometer. The temperature dependence of the mag-
netic susceptibility was measured under an applied magnetic field of
S kOe in the 2—300 K temperature range.

B RESULTS

Crystal Structure. Figure 1 shows the evolution of the powder
X-ray diffraction (XRD) patterns for the solid solutions in the
range where the (101) and (110) diffraction peaks are present.
The complete range of the XRD patterns are shown in Figure S2
in the Supporting Information. The analysis was performed on
the basis of the previously determined space groups Pm3m and
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Figure 2. X-ray diffraction profiles for the 002, 022, and 222 reflections
of PbTi;_,Cr,O5 at 300 K for (a) x = 0.2, (b) x = 0.3, and (c) x = 0.4.

P4mm for the cubic and tetragonal phases, respectively,'7%¢

The PbTi;_,Cr,O3 solid solution gradually transforms from
tetragonal to cubic as the value of x increases, and at x = 0.30 a
coexistence of phases is present. On the other hand, the
PbV,_,Cr,O; solid solution presents an abrupt change from
tetragonal to cubic at x > 0.3, and PbTi;_,V,O; remains
tetragonal for all the different x values.

A reduction in symmetry is a common behavior in solid
solutions with Pb in the A site, e.g,, (1 — x)Pb(Mg;/3Nb,/3)-
O3;—«PbTiO;, (1 — x)Pb(Zn,,3Nb,,3)O3—xPbTiO;, and
PbZr, _,Ti,03.>” > For PbTiy,Cry303, the split of the (200),
(220), and (222) reflections cannot be completely explained by
considering only the tetragonal or the cubic system, see Figure 2.
Therefore, we followed the analysis developed around the MPB
for solid solutions of PbTiO; and refined the data with the
possible space groups: R3m for rhombohedral, Cm or Pm for
monoclinic, and Cmm2 for orthorhombic symmetry.”” ' How-
ever, the best fit was obtained from a model that considers the
coexistence of both tetragonal and cubic phases, see middle of
Figure 2. Besides, there was no signature in the SAED experi-
ments suggesting any of these reductions in symmetry (see
below). Rietveld refinement along with the fitting statistics for
the different models are shown in Figure S3 in the Supporting
Information.

In Pb(II) perovskite structures, the lone pair plays a major role.
The lone pair occupies approximately the same space as an
oxygen ion,>>>> which causes an especially large distortion when
all of the lone pairs are ordered along the same direction and the
large tetragonal distortion for both PbTiO5 and PbVO3."*** The
structure is also affected by the size of the ionic radii of Cr, Ti, and V,
where Cr is significantly smaller than either V or Ti (0.55 <
0.58 < 0.605 A).* Thus, a classical reticular energy model should
give a smaller volume per cell unit. The average structure of
PbCrO;, however, is larger than expected and cubic. Therefore,
the lone pair of Pb(II) in PbCrO; could be considered in one of
two ways: disordered or containing an electronic distribution
with no sp character.

For the PbTi; ,Cr,Oj3 system, Figure 3 shows that the ¢ cell
parameter and the volume V deviate from ideal behavior. This
can be understood as follows: introduction of the smaller Cr
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Figure 3. Mole substitution dependence of the cell parameters and the

pseudovolume ((a%)"?) along the solid solutions Pb(M, M, )05
(M, M’ = Ti, V, and Cr).

cation causes a decrease in both ¢ and V while the symmetry
remains tetragonal, indicating that most of Pb(II)’s lone pairs are
oriented along the ¢ axis. However, for x > 0.3, the lone pairs start
to become more disordered and the phases become cubic, just
like PbCrO3;. The disorder of the lone pairs results only in small
increases of ¢ and V. Finally, with x > 0.5, the effect of the lone
pairs disorder predominates and ¢ and V increase with x. Thus,
the progressive insertion of chromium, where d electrons cause
the cation to be located at the center of the octahedron,®
dominates the behavior at high concentrations and precludes
the alignment of the lone pairs.>’

The deviation from ideal behavior is even stronger for
PbV,_,Cr,O;. After inserting 30% chromium into the PbVO,
lattice, the symmetry changes as well. Finally, in the PbTi,_,
V.05 solid solution, the trend in the structural parameters also
changes with ~30% of insertion of vanadium. Crystallographic
data are summarized in Table 1 in the Supporting Information.

Since PbTiOj; presents a ferroelectric transition at T, = 763 K,
we study the evolution of T, with the change in composition in the
tetragonal phases (where T, is the temperature at which the
transition from tetragonal to cubic is complete, i.e., no detectable
intensity variation in the (110), maximum is observed). Figure 4
shows the evolution with temperature of the (110), and (101),
peaks in the tetragonal phases of PbTi;_,Cr,O; system. T,
decreases from 763, to 716, to 630, to 484 K for x = 0, 0.1, 0.2,
and 0.3 respectively. An extrapolation of the boundary between the
cubic and the tetragonal symmetries to higher x suggests that a
transition may be present below room temperature (see Figure $4
in the Supporting Information). However, low-temperature XRD
for x = 0.3, 0.4, and 0.5 at 100 and 150 K indicate that no further
transitions are present. This shows that the change in symmetry is
very sharp, pointing toward the existence of an MPB.*’ In
PbTi;_,V,0;, x = 0.2 transforms to cubic at T. = 730 K (see
Figure SS in the Supporting Information ), which is below the T of
PbTiO;. However, considering the cubic transition of PbVO;,
which only occurs at 673 K under 2 GPa (without the use of
pressure the compound is decomposed),* it follows the trend of
increasing c¢/a with decreasing T..

Figure 4. High-temperature X-ray diffraction diagrams for PbTi, _,Cr,O5
with x = 0, 0.1, 0.2, and 0.3 around the (101) and (110) reflections.

For higher V concentrations the samples decompose to
Pb;V,_,Ti,Og and/or Pb,V,_,Ti, O, when heated.

Microstructure. We performed a microstructural study of the
compounds. The composition of each sample has been analyzed
by in situ EDX measurements. The samples have the desired
composition within experimental error. PbCrO; presents lead
and oxygen deficiencies as previously published.” In order to
validate the cation valences on the samples, we realized an EELS
study. However, an intrinsic difficulty appears in analyzing these
compounds since the V-L, ; edges are localized just before the
O—K edges, implying that Pearson’s method cannot be
applied.*" Still, with the certainty of the 4+ oxidation state on
the B site for PbTiO;* and PbVO;" combined with the trends
observed in the EELS and in the magnetic measurements (see
below), we can, therefore, assume the 4+ oxidation state for the B
site in the solid solutions; see Figure S7 and discussion in the
Supporting Information.

The electron diffraction for the PbTi; _,Cr,Oj; system shows a
normal evolution, meaning that neither superstructure nor
microdomains appear in the sample, until x < 0.6. However,
due to the split of peaks observed in the XRD pattern for x = 0.30,
which could indicate a symmetry reduction, the sample was
carefully inspected. Nevertheless, electron diffraction was con-
sistent with the XRD data, and no symmetry reduction was
detected. For x > 0.6, the influence of the PbCrO3z-modulated
superstructure becomes present and certain regions show its
distinctive image. One way to account for the influence at local
scale is to apply a strain mapping analysis (SMA, strain being
defined as & = (I — o)/l with I, being the unstrained length),”*
which measures the local displacements due to some force, in this
case provoked by cationic substitution. The HRTEM micrograph
for the PbTig3Cry,0;3 sample is presented in Figure 5; coex-
istence of a cubic (a) and a modulated (b) domain can be
observed. Fast Fourier transforms (FFT) of the highlighted
zones in the images gave the corresponding maxima to the cubic
perovskite and a modulated superstructure. The intensity profiles
results in a 17a, periodicity for the modulated superstructure,
with a, being the cubic cell parameter, Figure Sa and Sb,
respectively. The SMA clearly shows the tension on the modu-
lated domain when compared with the cubic area. EDX analysis
was performed in both regions without any detectable composi-
tion difference. This coexistence tendency increases even more
for x = 0.8 and 0.9, ending in the PbCrO3z-modulated structure.

PbTi,_,V,O; system evolves as a typical solid solution, as seen
by X-ray diffraction. The symmetry is maintained for all of the
compositional ranges, and the crystals are strain free. Figure 6a
shows the images along [110] and [001] for PbTiy V(05 as

7138 dx.doi.org/10.1021/ic200680u |Inorg. Chem. 2011, 50, 71367141



Inorganic Chemistry

strained

PhTiosCro703

| .
unstrainec

mpressed

17ap

Figure 5. High-resolution micrograph along [001], of PbTig3Cr;O5.
Zones with a simple cubic structure (a) and with a modulated structure
similar to PbCrOj; with a 17a, period (b) are observed.

representative of the system; the insets show the FFT of the images
where no extra peaks can be detected. The simulation of the images
coincides with the experiment. However, for the PbV;_,Cr,O;
system, the scheme changes and highly strained regions are
observed for x =< 0.3, Figure 6b. The different coordination
preferences of Cr and V cause this great strain in the structure.
Chromium is set in the center of the octahedron because of its d
electrons,® whereas vanadium is placed in a square-based pyramid
because of its ordering of the d,, orbitals.'>**

Magnetism. Figure 7 shows the magnetic susceptibility tem-
perature dependence for the PbTj,; ,Cr,Oj3 solid solution. PbTiO;
presents diamagnetic behavior (Ti* is a d° cation). For x < 0.7, a
gradual increase in the magnetic susceptibility is observed, which is
due to insertion of chromium. For x > 0.8, however, the suscept-
ibility decreases, showing behavior more like that of PbCrO;."

The compounds with vanadium present a different problem.
First, PbVO; behaves as a two-dimensional antiferromagnet at
Txn A 43—50 K, which is only observed in single crystals.'**
Second, PbV¢O;; is a ferromagnetic material at ~90 K*
Unfortunately, PbVOy; is present as a secondary phase in our
solid solutions (see Figure S2 in the Supporting Information),
and its signal dominates the measurement, making it impossible to
study the magnetism in this system. The magnetic susceptibilities
for PbVO3, PbV,3Tig,03, PbVyoCrq 03, and PbV,¢Cry,0;
are shown in Figure S6 in the Supporting Information, where a
variation in the ordering temperature can be observed, analogous
to the PbVy_,Fe, O system, where insertion of iron changes the
ordering temperature.45 This implies that PbVy_,Ti,O;; and
PbV,_,Cr, Oy, solid solutions also exist and present interesting
magnetic properties. This goes, however, beyond the purposes of
this work.
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Figure 6. High-resolution images for (a) PbTipgVy,O3 and (b)
PbV,_,Cr,O; with & < 0.3. The tension present in the samples is
highlighted by strain mapping analysis.
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Figure 7. Zero-field-cooled magnetization data for the PbTi;_,Cr,O3
system.

Discussion and Conclusions. The most striking feature in the
B-site content-dependent cell parameter diagram for the
PbM, M,/ Oj; solid solutions, shown in Figure 3, is the change
from tetragonal to cubic in two of the three systems. The abrupt
changes that occur upon 30% cation insertion signify that the
cations’ influence on the system is modified at this point. The
transition temperature for PbTigVy,05 is T. = 730 K (see
Figure SS in the Supporting Information), whereas for higher
vanadium concentrations no transition is observed and the
samples decompose on heating. Also, for the samples with x >
0.4, the a cell parameter decreases while the ¢ parameter increases
significantly (Figure 3). Thus, the behavior of the PbTi; ,V,O;
system is dominated by the ease with which one vanadium V-0
bond can break or, in other words, when the vanadyl bond (d,,
orbital ordering) becomes active, starting with octahedral co-
ordination for lower concentrations and ending in a square-based
pyramid coordination for the higher ones, just as in PbVO;."

In the PbTi; _,Cr, O3 system, the tetragonal phases, 0 < x <
0.3, show a lower T. as x increases. However, for x > 0.3, it is
the chromium’s proclivity to avoid the off-center shifts, due to the
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d electrons, that suppresses the transition at high temperature
and turns the system into a cubic phase at ambient conditions.

In the case of PbV,_,Cr,O3, an abrupt transition can also be
seen from tetragonal to cubic at x = 0.4. This is also explained by
the coordination preferences of chromium as in the case of
PbTi;_,Cr,O;.

From the microscopy study we observe the coexistence of cubic
and modulated regions in PbTi;_,Cr,O; for x = 0.7, Figure 5. For
the samples with x < 0.7, there was no signature of modulated
domains. This implies that for titanium concentrations higher than
~30% the modulated structure of PbCrO; is no longer pseudo-
stable. PbV;_,Cr,O; shows highly strained regions for x < 0.3,
Figure 6b. This supports the idea of competition between the
different structural basic units, the [Cr—Og] regular octahedron
versus the [V—Os] square-based pyramid. It is also remarkable that
for x > 0.3 those strained regions are no longer present. The common
feature of all three solid solutions is the appearance/disappearance of
microstructure/strain at a x A~ 0.3 doping concentration.

Both structural and microstructural behaviors can be under-
stood if we consider the percolation threshold for a cubic net P, =
0.31.***” The percolation threshold describes the point at which
adopantin a crystal can be linked in a continuous path in all three
directions. For example, if chromium is the dopant in the B site of
a perovskite, when x = 0.31, each [Cr— O] regular octahedron
will be linked to at least one other [ Cr—Og] regular octahedron.
Thus, the structural transitions in PbTi; _,V, O3, PbTi; _,Cr,Os,
and PbV,_,Cr,O; at about x = 0.3 can be explained by a
structural percolation of the vanadium in the first case and
chromium in the last two. Since PbV,_,Cr,Oj is percolated by
chromium and PbTi; ,V,O3; by vanadium, we can inspect the
role of d electrons in these systems. Examining the data more
closely, PbV,_,Cr,O3’s behavior is dominated by Cr while
PbTi;_,V,O5’s behavior is dominated by V, signifying that each
system mimics the behavior of the cation with more d electrons.
Thus, introduction of d* electrons with chromium destabilizes
the d,, orbital ordering present in PbVO;."* When the percola-
tion occurs, the square-based pyramids [V—Os] are no longer
favorable; they “collapse” to a regular octahedron disordering the
lone pairs and the structure becomes cubic. In the same way, when
chromium percolates PbTiO3, the second-order Jahn—Teller
distortion that mixes the empty Ti 3d orbitals into the filled 2p
orbitals of the oxygen is no longer possible and, again,48 the B-site
cations move to the center and the structure becomes cubic. In
the PbTi;_,V,O; system there is no change in symmetry.
However, after percolation, the d" electrons avoid the transition
to a cubic phase with application of temperature. This also
explains why an MPB is not observed in these systems.

In summary, PbM,; ,M,/O3 (M, M’ = Tj, Cr, and V) systems
have been synthesized under high-pressure conditions. PbTiO;
is percolated by vanadium and chromium, and after the percola-
tion threshold, it starts to behave like the dopant. PbVOy is
percolated by chromium and transforms to a cubic structure at
the threshold. All three systems, after the percolation threshold,
mimic the behavior of the cation with the most d electrons; thus,
PbTi; V.03 follows vanadium’s behavior, whereas PbTi;_,
Cr,O; and PbV,_Cr,O; follow that of chromium.

B ASSOCIATED CONTENT

© supporting Information.  Crystallographic data and sup-
porting graphics. This material is available free of charge via the
Internet at http://pubs.acs.org.
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