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High-energy x-ray diffraction coupled with atomic pair distribution analysis and large-scale computer
simulations are used to study the relationship between the local structure and piezoelectric response of an
exemplary ferroelectric from the BaTiO; family where Ti is partially replaced by nonferroelectric Ce. Our
results indicate that, likely, the increase in the piezoelectric response observed for Ce concentration <10% is
due to an increased local rhombohedral distortion of the perovskite lattice. Despite a further increase in the
distortion, the piezoelectric response for Ce concentration >10% decays quickly, likely because of rapidly
increasing nonuniform strain fields due to the size mismatch between Ti- and Ce-centered octahedra and loss
of electric dipoles due to the nonferroactivity of the latter. Thus, the transition between the observed two
regimes of piezoelectric response does not appear to involve a crossing of a morphotropic phase boundary where
the crystallographic symmetry changes abruptly but is likely to be percolative in nature. A similar behavior,
referred to as tricritical phenomenon, is observed with other B-site substituted ferroelectrics from the BaTiO;
family, indicating the presence of a common structural origin. Our results highlight the importance of chemical
substitution-driven rhombohedral distortions in achieving control over the piezoelectric response of perovskite
ferroelectrics, thereby providing a different perspective on the ongoing effort to improve their performance in

practical applications.
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I. INTRODUCTION

Ferroelectrics based on BaTiO3 are widely studied be-
cause of their excellent dielectric and electrocaloric properties
[1-5]. The parent BaTiO3 compound has a perovskite-type
structure with a general formula ABO3, where B-type ions
(Ti**) are sixfold coordinated by oxygen ions (O>~) form-
ing a network of corner-sharing octahedra, and A-type ions
(Ba®*) occupy the open space between the octahedra. The
appearance of spontaneous polarization in BaTiOj3 is related
to a displacement of Ti atoms from the geometrical center of
the oxygen octahedra. At high temperature, BaTiO; exhibits
a centrosymmetric cubic structure (space group Pm-3m) and
no spontaneous polarization. Upon cooling, it undergoes a
sequence of first-order phase transitions from the paraelec-
tric cubic phase to ferroelectric phases with tetragonal (space
group P4mm), orthorhombic (space group Amm?2), and thom-
bohedral (space group R3m) crystallographic symmetry. The
transitions take place at 398, 278, and 183 K, respectively.
The net polarization in the noncentrosymmetric ferroelectric
phases appears directed parallel to the edge of the unit cell of
the aristotype cubic perovskite lattice (i.e., (001). direction),
along a face diagonal (i.e., (011), direction) and a body diag-
onal (i.e., (111), direction) of that cell, respectively [6-9]. In
the so-called order-disorder model of the phase transitions, Ti
atoms in BaTiO; are assumed to be always displaced along
the cube diagonals. That is, at high temperature, all eight
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equivalent (111), directions are allowed, and at low tempera-
ture, the displacements all adopt either the same orientation,
leading to an average rhombohedral symmetry, or two or
three preferred directions, leading to an average tetragonal or
orthorhombic symmetry, respectively [10-12]. On the other
hand, the so-called displacive model of the phase transitions
assumes that the equilibrium position of each Ti atom is in
the middle of the oxygen octahedra for the high-temperature
cubic phase, but appears displaced microscopically in the
(111),, (011),, or (001), macroscopic polarization directions
for the rhombohedral, orthorhombic, and tetragonal ferroelec-
tric phases, respectively [13,14]. Recent studies indicate that
the transitions between the ferroelectric phases of BaTiO3
indeed exhibit a mix of order-disorder and displacive char-
acters [15-22]. The transitions are accompanied by a strong
dielectric softening, as indicated by the presence of distinct
maxima in the permittivity, and anomalies in the thermal,
mechanical, and piezoelectric properties, offering promise for
device applications. However, owing to the strong temperature
dependence of its dielectric properties, specifically the abrupt
change of the piezoelectric response near the transitions be-
tween its ferroelectric phases, BaTiOj3 is hardly used in pure
form. Chemical substitution at either the Ba or Ti site, or both,
is widely used to prepare ferroelectric solid solutions with an
increased and temperature-stable piezoelectric response that
have proven very useful in applications ranging from sensors
and actuators to optical and memory devices [4,5].

In addition to increasing the piezoelectric response, chemi-
cal substitution involving aliovalent ions such as, for example,
Bi*t at the A-site and Nb>t at the B-site, often leads to the
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formation of complex defect dipoles and oxygen vacancies
that locally modify the electrostatic fields and change the tran-
sition temperatures [23-25]. Likewise, chemical substitution
involving isovalent ions such as, for example, Sr?t at the
A-site and Zr** at the B-site, can both modify the piezoelec-
tric response and induce local strain inhomogeneities, leading
to changes in the transition temperatures [26-28]. Despite
years of investigation, however, the exact role of the chemi-
cal substitution in determining the piezoelectric response and
temperature of ferroelectric transitions in BaTiOs-based fer-
roelectrics is still unclear. Frequently evoked models attribute
it to the existence of a morphotropic boundary separating
polar phases with different crystallographic symmetry, low-
symmetry bridging phases facilitating polarization rotation,
random electric fields, and thermodynamic criticality [29—41].
The reason is the structural complexity of the resulting solid
solutions and related complex physical phenomena affecting
their ferroelectric behavior. Identifying the phenomena and
understanding their individual contribution to the observed
piezoelectric response is a prerequisite to taking control over
the useful properties of BaTiO3-based ferroelectrics. Here, we
concentrate on solid solutions where the increased piezoelec-
tric response and changes in the transition temperatures are
largely due to the significant difference between the size of
Ti** and the isovalent ion that replaces it at the B-site of the
perovskite lattice. In particular, we study BaTi;_,Ce,Oj3 ferro-
electrics where Ti*t ions (radius r = 0.605 A for octahedral
coordination) are partially replaced by nonferroactive Ce**
jons (radius r = 0.87 A for octahedral coordination). Initial
studies showed a highly nonlinear variation of the piezoelec-
tric response and ferroelectric transition temperatures with Ce
content, including the presence of a broad maximum in the
former at a Ce concentration of ~10%. The studies also con-
firmed the expected presence of distinct Ti- and Ce-centered
octahedra in the solid solutions and suggested them as a
possible structural origin of the observed unusual piezoelec-
tric response [42,43]. The precise relationship between the
former and the latter, however, has remained unclear, prompt-
ing the need for a further investigation. Using advanced
x-ray scattering techniques and three-dimensional (3D) struc-
ture modeling geared toward revealing both the average and
local crystal structurer in good detail, we find that the en-
hanced piezoelectric response observed [42] at a relatively
low Ce** concentration (0.1 < x) is due to an increased local
rhombohedrality, i.e., increased Ti off centering, and reduced
polarization anisotropy. Despite the further increased and not-
decreased Ti off centering as suggested by earlier studies
[43], the piezoelectric response of BaTi; Ce,O; solid solu-
tions with higher Ce content, including Curie temperature,
diminish due to a frustration of the cooperative ferroelectric
order. Thus, the transition between these distinct regimes of
ferroelectric behavior does not appear to involve breaking of
the crystallographic symmetry but is likely to be percolative
in character. It is due to geometric criticality related to the fast
growth of nonuniform strain fields near corner-sharing Ti-Og
and Ce-Og octahedra and concurrent loss of electric dipoles
that increasingly weaken the long-range ferroelectric order in
the perovskite lattice. Our findings are a step toward a better
understanding of the piezoelectric response of BaTiOsz-based
ferroelectrics and are likely to be relevant to many other

B-site substituted ferroelectric oxides from the perovskite
family.

II. EXPERIMENT

A. Sample preparation

Substituted BaCe,Ti;_ O3 ferroelectrics with x = 0, 0.05,
0.10, 0.15, 0.20, and 0.30 were prepared by a classical
solid-state route using electronic grade nanocrystalline raw
materials. Stoichiometric amounts of TiO, (Toho Titanium,
Chigasaki, Japan), CeO, (VP AdNano® Ceria 50, Evonik
Degussa, Germany), and BaCO3 (Solvay Bario e Derivati,
Massa, Italy) powders were wet mixed in aqueous suspension
for 24h using polyethylene jars and zirconia media. After
freeze drying, the mixtures were calcined in air for 4h at
1273 K. The final powders, after sieving, were isostatically
pressed at 100 MPa forming cylindrical bodies with a diameter
of ~1cm. The bodies were sintered for 4h in air at either
1723 (x =0, 0.05 and x = 0.10) or 1823 K (x = 0.15-0.30).
Phase purity was verified by in-house x-ray diffraction (XRD)
[42,43]. The sintered bodies were grinded to fine powders
and subjected to high-energy synchrotron XRD experiments
described below.

B. Synchrotron XRD measurements and crystal structure
constrained fits to the diffraction data

High-energy XRD patterns for the ferroelectrics were col-
lected at the beamline 11-ID-B at the Advanced Photon
Source at the Argonne National Laboratory using x rays with
energy of 86.7 keV (A = 0.143 A). The instrument was cal-
ibrated using Si powder (NIST) standard. Each sample was
sealed in a glass capillary and measured in transmission mode.
An empty glass capillary was measured separately. Scattered
intensities were collected with a two-dimensional (2D) amor-
phous Si detector. Two sets of XRD patterns were collected
for each sample. One of the patterns was collected with the
detector positioned 1000 mm away from the sample to achieve
high-q resolution necessary for successful Rietveld analysis
[44], where the wave vector g is defined as g = 4sin(6)/A, and
0 is the Bragg angle. Experimental patterns for BaCe, Ti; O3
ferroelectrics are shown in Fig. 1.

Diffraction patterns collected in this way, however, extend
to g values of ~12 A~! only, which renders them unsuitable
for analysis in real space in terms of atomic pair distribution
functions (PDFs) [45,46]. Therefore, another set of diffraction
patterns was collected with the detector positioned 300 mm
away from the sample. Diffraction patterns collected in this
way suffer poor g-space resolution and are not suitable for
Rietveld analysis. However, they extend to g values as high as
30 A~', rendering them very suitable for atomic PDF analysis
that has proven very useful in structure studies of crystalline
materials with intrinsic disorder, including perovskite ferro-
electrics [43,47-52]. The atomic PDFs were derived from
the patterns as follows: at first, the separately measured
signal arising from the glass capillary and sample environ-
ment, largely including air scattering, was subtracted from the
respective high-energy XRD patterns. Then corrections for
absorption in the sample and inelastic (Campton scattering)
were applied following long-established procedures using an
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FIG. 1. Experimental (symbols) and Rietveld fit (red line) x-ray diffraction (XRD) patterns for BaTi,.,Ce, O3 ferroelectrics. For clarity, the
residual difference (blue line) is shifted by subtracting a constant. The diffraction feature at about 4° in the XRD patterns for BaTiOs (see the
inset) appears split. Its two components can be indexed as (002) and (200) Bragg peaks in a tetragonal lattice (space group P4mm). That feature
appears as a singlet in the XRD patterns for the solid solutions and can be indexed as a (200) Bragg peak in a cubic lattice. The feature at about
3.5° can be indexed as a (111) peak in the same cubic lattice (space group Pm — 3m). Accordingly, the XRD pattern for BaTiO; is Rietveld fit
with a tetragonal and those for the solid solutions with a cubic model. The XRD patterns for the solid solutions can also be reasonably well fit
with an orthorhombic (space group Amm?2) and rhombohedral (space group R3m) structure models [see Fig. 4(c)]. Unit cell volumes for the
crystal lattices Rietveld fit against the experimental XRD patterns are summarized in Fig. 4(a).

improved version of the software RAD [46]. The resulting
data were scaled into absolute units and converted to the
so-called reduced structure factors g[S(g)—1]. Finally, using
a Fourier transformation, the reduced structure factors were
converted to the respective atomic PDFs G(r). As an example,
the reduced structure factor and G(r) for BaCe(3Tig ;703 are
shown in Fig. 2. Atomic PDFs for all BaCe,Ti;.,O3 ferro-
electrics studied here are shown in Fig. 3.

Note that, by definition, G(r) = 4nwr[p(r) — po], where
p(r) is the local and p, is the average atomic number density,
respectively. In this respect, the atomic PDF resembles the
so-called Patterson function that is widely used in traditional
crystallography. However, while the Patterson function peaks
at interatomic distances within the unit cell of a crystal,
the atomic PDF peaks at all distinct interatomic distances
occurring in a material, be it perfectly crystalline or not.
Furthermore, while both Rietveld analysis of powder XRD
patterns and single crystal structure analysis in terms of Patter-
son functions concentrate on sharp Bragg peaks in XRD data,
atomic PDFs consider both the Bragg peaks and the diffuse-
type scattering components of XRD data. In this way, both the
perfect atomic order, manifested in the former, and all local
structural “distortions,” manifested in the latter, are reflected

in the experimental PDFs. In this respect, atomic PDF analysis
goes beyond traditional techniques for determining the atomic
structure of crystals that typically reveal well their long-range
periodic features, i.e., average structure, alone [45].

II1. DIFFRACTION DATA ANALYSIS
AND 3D STRUCTURE MODELING

To ascertain the average crystal structure of studied solid
solutions, we carried out Rietveld analysis of the high-g
resolution XRD patterns. The analysis was performed using
the software GSAS II [44]. The diffraction pattern for each
sample was fit with structure models based on the cubic,
tetragonal, orthorhombic, and rhombohedral phases known to
occur with ferroelectrics from the BaTiO; family. Exemplary
results of the Rietveld fits are shown in Fig. 1. Goodness-of-fit
indicators R,, for all fits are summarized in Fig. 4. Data for the
volume of the unit cell of the refined crystal lattices and values
for the rhombohedral angle derived from Rietveld fits based
on the rhombohedral model are also summarized in Fig. 4.

In line with the finding of earlier studies [42], Rietveld
analysis performed here shows that, at room temperature, the
average crystal structure of BaTiO3 appears to be tetragonal.
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FIG. 2. (upper panel) Experimental structure function for
BaTip7Ce(30;. Physical oscillations are present to the maximum
wave vector of 30 A~! reached in the present synchrotron x-ray
diffraction (XRD) study (see the insert). (lower panel) Atomic pair
distribution functions (PDFs) obtained by a Fourier transformation of
the whole range of experimental structure function data extending to
30 A" (black line) and a reduced range of the experimental structure
function data extending to 20 A~! only (magenta line). As it may be
expected, the low-r peaks of the latter, those just below and above
2 A, appear less sharp in comparison to the low-r peaks in the former.
The peaks, however, do not change their position and shape signifi-
cantly, indicating that they are not Fourier transformation termination
ripples and/or due to systematic errors that tend to pile up at high ¢
values [45] but truly reflect the near neighbor metal-oxygen distances
in BaTi0,7Ceo,3O3.

Also, in line with the findings of earlier studies [43], the XRD
patterns for the solid solutions appear almost equally well
fit with models based on the four crystal phases of BaTiO3
[see the R, values in Fig. 4(c)]. For convenience, the average
crystal structure of such solid solutions is often described
in terms of a pseudocubic lattice symmetry [53-55]. Here,
we adopt this description, as done in earlier studies [42,43].
Notably, the volume of the unit cell of the model crystal
lattices is seen to increase uniformly with Ce content [see
Fig. 4(a)]. The result indicates that Ce atoms are incorporated
in the B-site of the perovskite lattice as Ce*t ions, and not in
the A-site of the lattice as Ce>* ions (radius r = 1.31 A for
12-fold coordination) [42,43,47]. If the latter were true, the
volume would have decreased with the Ce content because
Ce*" is smaller than Ba’" (radius r = 1.61 A for 12-fold
coordination) in size. Interestingly, the rhombohedral angle of
the Rietveld refined structure models with an average rhom-
bohedral symmetry is seen to increasingly deviate from the
value of 90° with Ce content [see Fig. 4(b)], indicating an
increased rhombohedral distortion of the perovskite lattice.
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FIG. 3. (upper panel) Experimental total atomic pair distribution
functions (PDFs) for BaTi;.,Ce,O5 ferroelectrics (x = 0, 0.05, 0.1,
0.15, 0.20, and 0.3). Arrows emphasize the different evolution of the
local (blue arrows) and average (red arrow) crystal structure with Ce
content x. In particular, the former undergoes a subtle evolution with
x, whereas the latter evolves markedly. Note that the marked shift of
the longer range atomic pair distances (red arrows) is consistent with
the linear increase in the volume of the pseudocubic unit cell derived
by Rietveld analysis [compare with data in Fig. 4(a)], both reflecting
the evolution of the average crystal structure of the solid solutions
with x. (second row) Low-r region of the experimental PDFs high-
lighting the evolution of the first two physical peaks (blue arrows)
with Ce content. The peaks reflect ME-oxygen bonding distances,
where ME = Ti and Ce. In particular, they reflect the presence of
three short [1.85(1) A] and three long [2.14(1) A] Ti-oxygen bonds in
BaTiO;. The position of the first and second peak gradually shifts, re-
spectively, to lower [1.77(1) Al and higher-r [2.20(1) A] values with
Ce content, reflecting the evolution of ME-O bonding distances. The
peaks have similar intensity with BaTiO; (x = 0), and the intensity
of the second peak increases in comparison with that of the first one
with Ce content. As discussed in the text, the increase is due to the
appearance of Ce-oxygen bonds in the solid solutions whose length
is like that of the longer Ti-oxygen bonds. Note that each arrow in
the upper and lower panel is unique in the sense that it connects the
maxima of corresponding peaks in the PDF data.

The increase is, however, puzzling because, contrary to the
case of BaTiOs, the characteristic features in the experimental
XRD patterns at 3.5° and 4° (see Fig. 1) appear as singlets
for the solid solutions, indicating an increase and not a de-
crease in the average crystal symmetry with Ce content. The
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FIG. 4. (a) Evolution of the unit cell volume in BaTi;.,Ce,O;
ferroelectrics with Ce content, as obtained by Rietveld fits to their
high-energy x-ray diffraction (XRD) patterns. (b) Evolution of the
rhombohedral angle for the fits featuring a rhombohedral crystal
symmetry. The broken line is a guide to the eye. The angle dimin-
ishes with x, indicating an increase in the rhombohedral distortion
of the perovskite lattice with Ce content. (c) Evolution of the
goodness-of-fit factor for Rietveld fits to high-energy XRD patterns
for BaTi; Ce,Os;. The factors correspond to fits based on crystal
lattices with a cubic (black squares), tetragonal (red triangles), or-
thorhombic (green rhombuses), and rhombohedral (blue triangles)
crystal symmetry. Data both in (a) and (b) are seen to evolve linearly
with Ce content, indicating that the solid solutions are single phase.
Data in (c) show that the average crystal structure of BaTiO; studied
here appears to be tetragonal (lowest R, factor). The crystal structure
of the solid solutions is almost equally well described by the tested
four structure models. Therefore, and in line with results of prior
studies [42,43], that structure is considered to have a pseudocubic
symmetry.

ambiguous outcome of Rietveld analysis can be attributed to
the limited ability of sharp Bragg peak-based crystallography
to clearly reveal likely local structural distortions in chem-
ically substituted BaTiO3;. Atomic PDF analysis conducted
below has proven more useful in this respect [27,43,48-52].
Next, we inspected the experimental PDFs for signatures
of local structural distortions in the solid solutions, known to
occur with the members BaTiO3 and BaCeOs5, both of which
are built of corner-sharing ME-oxygen octahedra (ME = Ti,
Ce). It is well established [6—10] that the octahedra in the
former are not tilted with respect to each other, but Ti atoms

are off centered, rendering the material ferroelectric already
at room temperature. The displacement of Ti and O atoms
from their symmetry sites in the aristotype cubic phase results
in changes in Ti-O bond lengths. In the case of a tetragonal
lattice distortion, there appear to be one long, one short, and
4 “normal” Ti-O bonds with a length (rri.o = 2.005 A) close
to the sum of the ionic radii of oxygen and Ti for octahedral
coordination. In the case of an orthorhombic lattice distortion,
this becomes two long, two short, and two normal Ti-O bonds,
while for the rhombohedral lattice distortion, there are three
short and three long Ti-O bonds [7,8], as illustrated in Fig. 5.
On the other hand, the octahedra in the latter are tilted, but
Ce atoms are hardly off centered, rendering the material non-
ferroelectric. Accordingly, all Ce-O bonding distances appear
virtually the same [rce.0 = 2.24(1) A] [56-59], as also illus-
trated in Fig. 5. The inspection revealed that near neighbor
ME-oxygen bonding distances in all studied samples appear
as two distinct, low-r PDF peaks (see Fig. 3). A test for PDF
data quality verified that the peaks are physical in nature and
not an experimental artifact, as shown in Fig. 2. They are seen
to appear at 1.85(1) and 2.14(1) A for pure BaTiO; and evolve,
respectively, to 1.77(1) and 2.20(1) A for BaTiy7Ce(303.
The presence of two distinct ME-oxygen bonding distances in
BaTi;_Ce,O; ferroelectrics, including pure BaTiOs, indicates
that their local atomic structure is largely of a rhombohedral
type at room temperature. Evidently, while the average crystal
structure appears tetragonal in BaTiO3 and pseudocubic in the
solid solutions, as determined by Rietveld analysis of XRD
patterns, largely, the local symmetry of the crystal lattice in
BaTi;.,Ce, O3 ferroelectric appears reduced to rhombohedral
for 0 < x < 0.3, as revealed by experimental PDFs.

Having established the presence of a distinct local and av-
erage crystal structure in the studied ferroelectrics, we looked
for structure models that incorporate both in a consistent man-
ner. For the purpose, initially, we fit the experimental atomic
PDFs with models constrained to the four structure types
exhibited by BaTiOs, taking advantage of the fact that, when
considered over an extended range of real-space distances, the
PDFs are indeed sensitive to both the local and average crystal
structure (see Fig. 1). Fit results for pure BaTiO5 are shown in
Figs. 6(a)-6(d). In line with the findings of Rietveld analysis,
the higher-r part of the PDF for BaTiO; is reproduced well
by a structure model based on a tetragonal perovskite lattice.
However, this model fails to reproduce well the equal intensity
of the first and second PDF peaks, i.e., the presence of three
short and three long Ti-O distances in the studied BaTiO3 [see
the inset in Fig. 6(b)]. The intensity ratio is reproduced well
by a model based on a rhombohedral perovskite lattice [see
the inset in Fig. 6(d)], which also reproduces reasonably well
the higher-r part of the PDF data. The result showed that a
structure model featuring a perovskite lattice built of rhombo-
hedrally distorted ME-oxygen octahedra is a realistic descrip-
tion of BaTiOs5. Similar results were obtained for the solid
solutions, except that even the rhombohedral model could not
reproduce well the relative increase in the intensity of the sec-
ond PDF peak [2.20(1) A] with respect to that of the first one
[1.77(1) A] with Ce content (see Fig. 7). The result showed
that a model featuring a perovskite lattice built of rhombohe-
drally distorted ME-oxygen octahedra alone would be merely
a plausible approximation to their atomic-level structure.
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FIG. 5. (left) Fragment from the atomic structure of the rhombohedral (space group R3m) polymorph of BaTiO; [7]. (right) Fragment
from the atomic structure of the room-temperature orthorhombic (space group Pbnm) polymorph of BaCeO; [56-59]. Both structures feature a
perovskite-type lattice of M E-Og octahedra (ME = Ti and Ce), where Ba atoms (not shown) occupy 12-fold-coordinated cavities between the
octahedra. Ti atoms in rhombohedral BaTiO; are displaced from the geometrical center of the oxygen octahedra along (111), direction (cube
diagonal) of the aristotype cubic BaTiOs. As a result, it exhibits three short [1.85(1) A] and three long [2.14(1) A] Ti-O distances. Due to Ti
off centering, oxygen-Ti-oxygen angles involving at least one basal oxygen atom Oy, appear at 85°, 89°, and 105°. Ti-Og octahedra are not
tilted with respect to each other, and Ti-O,,-Ti and O,,-Ti-O,, angles involving apical oxygen atoms O,, appear at 173°. The small deviation
from 180° is due to Ti off centering. Ce atoms in BaCeO; are virtually not displaced from the center of oxygen octahedra. Accordingly, all
Ce-O distances are nearly the same [2.24(1) A]. Also, all oxygen-Ce-oxygen bond angles involving at least one Oy, atom are the same and
equal to 90°. The oxygen octahedra are, however, tilted with respect to each other, rendering Ce-O,p-Ce angles as small as 160°. Ti, Ce, and
oxygen atoms are shown is brown, gray, and blue balls, respectively.
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FIG. 6. (a)—(d) Experimental (symbols) and model fit (red line) atomic pair distribution functions (PDFs) for BaTiOs. The type of the
model is shown for each of the fits. The low-r part of the PDFs is shown in the insets. For clarity, the residual difference (blue line) is shifted by
subtracting a constant. The rhombohedral (space group R3m) model reproduces the nearest neighbor Ti-O distances, seen as equal in magnitude
peaks positioned at 1.85(1) and 2.14(1) A, best in comparison with the other models. (e) Experimental (symbols) and model computed (red
line) PDF for BaTiy ;Ce( 3O; ferroelectric. (f) Low-r part of the data shown in (e). The model features a phase mixture of 0.7 mol rhombohedral
BaTiO;, where Ti-O octahedra are distorted, and 0.3 mol orthorhombic BaCeOj5, where Ce-O octahedra are not distorted. It is consistent with
the low-r experimental data and reproduces the first two PDF peaks at 1.77(1) and 2.20(1) A, including their different intensity. The model,
however, does not reproduce well fine PDF features at longer-r distances [e.g., see the PDF peaks at 5 and 7 A in (f)].
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FIG. 7. (a)—(d) Experimental (symbols) and model fit (red line)
atomic pair distribution functions (PDFs) for BaTiy;Cey305. The
models are constrained to crystalline lattices where Ti and Ce atoms
occupy identical oxygen octahedra. The type of the lattice is shown
for each of the fits. Notably, the octahedra are not distorted for the
cubic model and distorted for the other models, leading to the appear-
ance of different ME-oxygen bonding distances. The low-r part of the
PDFs is shown in the insets. For clarity, the residual difference (blue
line) is shifted by subtracting a constant. The rhombohedral (space
group R3m) model reproduces the presence of two nearest neighbor
ME-O distances [~1.77(1) and 2.20(1) A] in the experimental data
better in comparison with the other models. However, the model
does not reproduce well the relatively increased number of longer
ME-oxygen distances in comparison with that of the shorter ones,
as the misfit in the region of r values from ~2.0 to 2.30 A shows.
As discussed in the text, that increase is because the majority Ti-Og
octahedra are and minority Ce-Og octahedra are not rhombohedrally
distorted in BaTi;_,Ce, O3 solid solutions for 0 < x < 0.3. This leads
to Ce-O bonds contributing to the PDF peaks at about 2.20(1) A
alone, thus rendering its intensity increase faster with x in compari-
son with that of the PDF peak at about 1.77(1) A.

Considering that the Ce-oxygen bonding distance in undis-
torted Ce-O octahedra is about 2.24(1) A, we explored a
more complex model fit featuring a superposition of prop-
erly weighted PDFs for rhombohedral BaTiOs3, where Ti-O
octahedra are distorted, and room temperature orthorhombic
BaCeOs3, where Ce-O octahedra are not distorted. Fit results
are shown in Fig. 6(e). The model reproduced both the shorter
and longer ME-oxygen bonding distances in BaTiy7Ce( 303,
including the increased relative number of the latter in com-
parison with that of the former, as reflected by the different
intensity of the respective PDF peaks. The result indicates that
the solid solutions are likely to accommodate both rhombo-
hedrally distorted Ti-oxygen octahedra exhibiting three short
and three long Ti-oxygen bonds, and nondistorted Ce-oxygen
octahedra exhibiting a unique Ce-oxygen bond, whose length
is close to that of the longer Ti-O bonds. The result does not
imply that BaTi;,Ce,O3 ferroelectrics appear as a mixture
of BaTiO; and BaCeOj3 phases because this model does not
reproduce the higher-r features of the experiment PDF data to

an acceptable level [e.g., see the PDF peaks at 5 and 7 Ain
Fig. 6(f)].

Structure models for perovskites incorporating distinct
ME-oxygen octahedra are difficult to explore based on usual
crystallographic unit cells of the type considered above.
Therefore, to reveal both the local and average crystal struc-
ture of BaTi;,Ce,O; ferroelectrics in full detail, large-scale
3D models were constructed and refined against the respec-
tive PDFs using reverse Monte Carlo (RMC) computations
[60]. Each of the models featured a 100 x 100 x 100 A con-
figuration of about 80000 Ba, Ti/Ce and oxygen atoms in
due proportions cut out from a perovskite lattice, where the
volume of the unit cell increased uniformly with Ce content
following the trend shown in Fig. 4(a). The large size of the
atomic configurations allowed us to account for the different
local and average crystal structure of modeled ferroelectrics
in a consistent manner, that is, to explore atomic configu-
rations of corner-sharing ME-oxygen octahedra where each
of the ME atoms can be off centered to a different degree.
The configurations were refined against the total atomic PDFs
using a new version of the computer program RMC++ [61].
During the refinement, restraints for bonding distances and
coordination numbers in the model configurations were im-
posed. Here, Ti, Ce, Ba, and oxygen atoms were restrained not
to approach each other closer than the sum of the respective
ionic radii. Also, Ti-oxygen and Ce-oxygen first coordination
numbers were restrained to stay close to six, thus accounting
for the specifics of the perovskite structure. As can be seen
in Fig. 8, the RMC refined models reproduce the respective
experimental PDF data in very good detail. The refined model
configurations are shown in Fig. 9.

IV. DISCUSSION

As refined against experimental PDFs by RMC, the
large-sized structure models for BaTi; Ce,O3 ferroelectrics
provide a statistical description of their structure. Typically,
such models are analyzed in terms of structural characteristics
relevant to the purpose of the study. Here, we analyzed the
models in terms of distribution of ME-oxygen bond angles,
which as shown in Fig. 5, are very sensitive to the displace-
ment of ME atoms from the geometrical center of the oxygen
octahedra forming the underlying perovskite lattice. It is that
displacement and its evolution that are indeed behind the
observed nonlinear piezoelectric response of BaTi; Ce,O3
ferroelectrics with x. Due to the specific Ti off centering,
intra-octahedral oxygen-Ti-oxygen bond angles in rhombohe-
dral BaTiO3 show characteristic values of 85°, 89°, and 95°.
On the other hand, Ti-oxygen-Ti angles are close to 180°,
reflecting the fact that Ti-Og octahedra are not tilted with
respect to each other. By contrast, Ce-Og octahedra in BaCeOj3
are tilted and Ce-oxygen-Ce bond angles approach 160°. The
near lack of Ce off centering renders intra-octahedral oxygen-
Ce-oxygen angles close to 90°. Distribution of bond angles in
BaTi;_Ce,O; ferroelectrics, as extracted from the respective
3D models, is shown in Fig. 10.

As can be seen in the figure, and as it may be ex-
pected, oxygen-Ti-oxygen bond angles in BaTiO; appear
grouped around the aforementioned three values character-
istic of rhombohedrally distorted Ti-Og octahedra. Due to
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FIG. 8. Experimental (symbols) and reverse Monte Carlo (RMC) fit (red line) atomic pair distribution functions (PDFs) for BaTi; ,Ce,O;
ferroelectrics. For clarity, the residual difference (blue line) is shifted by subtracting a constant. The level of agreement between the
experimental and computed data is of the order of 12%, i.e., very good.

positional atomic disorder and likely deviation of Ti displace-
ment from the (111). direction at room temperature, however,
the characteristic triplet of oxygen-Ti-oxygen bonding an-
gles in BaTiOs is not well resolved. For concentration of
Ce <15%, the triplet appears well resolved, indicating an
increased rhombohedral distortion of Ti-O octahedra. The
observation is consistent with the shift of the position of short
Ti-O distances from 1.85(1) A in BaTiOs to 1.80(1) A in
BaTig g5Ceq.15 (see Fig. 3). Upon further replacement of Ce
for Ti, the rhombohedral distortion increases further, and short
Ti-O bonds appear at 1.77(1) A in BaTip;Cep3. Such short
Ti-O bonding distances are observed with PbTiO3; [62,63].
Notably, the distribution of oxygen-Ti-oxygen bond angles in

FIG. 9. Reverse Monte Carlo (RMC) refined models
for BaTi;,Ce,O; ferroelectrics featuring  approximately
100 x 100 x 100 A configurations of about 80000 Ba, Ti/Ce,
and oxygen atoms in due proportions. The atoms form a perovskite
lattice of corner-sharing Ti-Og (brown) and Ce-O4 octahedra (dark
gray). Rendition of the models highlighting areas of nearby Ce-Og
and Ti-Og octahedra that exhibit nonuniform lattice strain because
of the different size of the octahedra is shown in Fig. 12 introduced
later.

BaTij ;Ceg 3 appears somewhat smeared in comparison with
BaTi; Ce, O3 solid solutions with x < 0.3, resembling that
in pure BaTiOs. Likely, this is due to increased local lattice
strain arising from the different size of Ti-Og (10.7 A% in
BaTiO3) and Ce-Og (14.2 A3 in CeTiO3) octahedra form-
ing the perovskite lattice. Furthermore, Ce-oxygen bonding
distances in BaTig7Ce 3 appear somewhat diminished down
to 2.20(1) A from the value of 2.24(1) A in pure BaCeOs.
Evidently, Ti-O¢ octahedra expand while Ce-Og octahedra
shrink with Ce content in BaTi,Ce;.,O3 solid solutions. A
systematic shrinking of the longer (Zr-O) bonding distances
with the relative percentage of smaller B-site atoms (Ti) has
also been found in Ca(Ti, Zr)O5; and Ba(Ti, Zr)Oj3 solid so-
lutions [64,65]. An inspection of Fig. 10 also shows that
bond angles between Ti atoms from adjacent octahedra in
BaTi;_,Ce, O3 solid solutions, i.e., Ti-oxygen-Ti bond angles,
remain close to 180° for all x, indicating that the octahedra
do not tilt significantly with Ce content. Evidently, the local
strain in the solutions is largely relieved by changes in the
volume of constituent ME-O octahedra and not by bending of
ME-oxygen-ME bond angles. The expansion of Ti-O¢ octa-
hedra would give Ti** ions more room to displace from their
geometrical center, thus increasing the rhombohedral distor-
tion. The shrinking of Ce-O¢ octahedra would constrain Ce
to their center, keeping them nonferroactive. Previous Raman
studies also indicated the presence of two types of ME-oxygen
polyhedra in BaTi;.,Ce,O; ferroelectrics [42,66].

With relevant structural characteristics at hand, we ex-
plored the structure-property relationship in BaTi;_,Ce,O3
ferroelectrics in terms of evolution of the ferroelectric tran-
sition temperatures, polarization, and permittivity with x.
Generally, the transition temperature between the ferroelectric
phases of BaTiO3 depends strongly on the magnitude and type
of Ti** off centering [42,67]. The off centering of Ti** ions
along (111), direction in pure BaTiO3, as computed from the
respective 3D model, appears closer to 0.12 A. As shown in
Fig. 11(d), it increases near linearly with Ce content to a value
of about 0.25 A in BaTip;Cep305. The observed increase in
the rhombohedral distortion in BaTi;.,Ce, O3 ferroelectrics in
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FIG. 10. Distribution of bond angles in BaTi; Ce,O3 ferro-
electrics extracted from the respective reverse Monte Carlo (RMC)
refined three-dimensional (3D) models. (a) Intra-octahedral oxygen-
Ti-oxygen bond angles involving at least one basal oxygen atom Oy,
appear smeared in BaTiO; but clearly close to those of 85°, 8§9°,
and 105° observed with its rhombohedral polymorph (see Fig. 5,
left). The smearing is due to positional disorder of Ti atoms char-
acteristic to room-temperature BaTiO;. The rhombohedral distortion
intensifies in the solid solutions, as indicated by the sharpening of
intra-octahedral bond angle distribution. The observation is in line
with the increased difference between the shorter and longer Ti-O
bonds with x (see Fig. 2). (b) The octahedra in the solid solutions do
not appear tilted because Ti-O,,-Ti angles involving apical oxygen
atoms O, tend to increase toward 180° and not to decrease toward
160° as observed with BaCeOj; (see Fig. 5, right). Intra-octahedral
bonding angles involving Ce do not change much with Ti content
remaining close to 90° and therefore are not shown here.

comparison with pure BaTiO; would render the rhombohedral
phase of the former stable to temperatures higher than the
phase transition temperature Tg of 183 K observed with the
latter. This would shrink the temperature range of orthorhom-
bic and tetragonal phases with Ce content until they cease to
exist, that is, the transitions between the ferroelectric phases of
BaTi;_Ce, O3 would appear merged into one for a particular
value of x. Indeed, this is what the experimental data for
ferroelectric transition temperatures summarized in Fig. 11(c)
show for low values of x < 0.1. For values of x > 0.1, a direct
transition between the largely rhombohedral ferroelectric and
cubic paraelectric phases of BaTi;.,Ce,O3 may be expected
to occur. However, for reasons discussed below, this transition
would appear systematically shifted to lower temperature in
comparison with the ferroelectric Curie temperature 7. of
BaTiOs.
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FIG. 11. Evolution of the (a) permittivity (triangles), (b) room-
temperature remanent polarization P, (squares), and (c) ferroelectric
phase transition temperatures for BaTi;.,Ce,O; ferroelectrics with
Ce content, x, as reported in our earlier studies [42,43]. Data for P,
(crosses) published in Ref. [69] are also shown in (b). The tempera-
tures mark the rhombohedral-to-orthorhombic T, (down triangles),
orthorhombic-to-tetragonal 7o, (up triangles), and tetragonal-to-
cubic Tt (circles) phase transitions, respectively. The latter corre-
sponds to the Curie temperature 7, at which BaTi; Ce,Os solid
solutions turn paraelectric. Pair distribution function (PDF) analysis
derived change in Ti off centering (circles) due to a rhombohedral
distortion of the perovskite lattice is shown in (d). Also shown in
(d) is the reciprocal of the volume fraction occupied by Ce-Og and
coupled to them Ti-Og octahedra (down triangles) in BaTi;.,Ce, O3
ferroelectrics. Rendition of that volume fraction is shown in Fig. 12.
Broken red lines in (a)—(d) are least squares fit to the data points for
x < 0.1. The lines indicate a near linear variation of the respective
data points with x. Broken blue lines in (a)—(d) represent a function of
the type 1/x. They explain well the behavior of the respective exper-
imental datasets for x > 0.1. Altogether, data in the figure indicate
the presence of two distinct regimes of the concurrent changes in the
structure and ferroelectric properties of BaTi;_,Ce, O3 solid solutions
with the percentage of nonferroactive Ce. The regimes feature a
gradual increase (red area) and accelerated decay (blue area) of the
piezoelectric response for x < 0.1 and x > 0.1, respectively. In addi-
tion, the former involves an increase in Tgy, Ton, and Tt until they
merge with 7;, which stays largely unchanged. The latter involves
a fast decay of T, i.e., cooperative ferroelectricity. Notably, though
not so well expressed, the saturation polarization for BaTi; ,Ce,O3
exhibits a trend like that of the remanent polarization P, (compare
data in (a) and Fig. S1 in the Supplemental Material [76]).

More specifically, the existence or absence of ferroelec-
tricity in perovskites is determined by a balance between
the short-range Coulomb-type repulsion between adjacent
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X=0.05

X=0.1

FIG. 12. Three-dimensional (3D) rendition of the perovskite lattice (brown) in the reverse Monte Carlo (RMC) refined models for
BaTi; Ce,O; ferroelectrics shown in Fig. 9. Regions of nonuniform lattice strain arising from the presence of nearby Ti-O¢ and Ce-Og
octahedra are shown in gray. The regions are seen to grow quickly with Ce content. Indeed, because of the accumulation of excessive lattice
strain, BaTi;.,Ce,O; solid solutions are known to phase segregate for x > 0.3.

electron clouds and/or ions, which favors a nonferroelec-
tric high-symmetry structure, and long-range forces due to
dipole-dipole interactions, which favor a low-symmetry struc-
ture promoting ferroelectricity. The replacement of Ti** by
Ce** removes electrical dipoles from the perovskite lattice in
BaTi;_,Ce, O3 and so would effectively weaken these forces.
At a critical level of replacement of Ti** by Ce**, the long-
range ferroelectric order would weaken enough for thermal
excitations to overcome it, and 7, would start diminishing, re-
flecting the diminished long-range dipole-dipole interactions.
As data in Fig. 11(c) show, this clearly occurs for values of
0.1 < x < 0.2. At a higher concentration of Ce, the interac-
tions would increasingly appear suppressed and, regardless
of the local rhombohedral distortion of the perovskite lattice
remaining large, the solutions would nearly cease to exhibit
cooperative ferroelectricity. As data in Fig. 11(c) show, the lat-
ter occurs for values of x > 0.2. Here, it should be noted that
the relatively low critical concentration of Ce (x ~ 0.10) at
which the ferroelectricity of BaTi;_,Ce,O3 perovskites starts
to degrade quickly is close to the percolation threshold of
the appearance of an infinite cluster of “missing dipoles” in
a cubic-type lattice of dipoles where both near neighbor and
next near neighbor dipole-dipole interactions are important
for the emergence of a long-range order [68—73]. Evidently,
removing dipoles from the perovskite lattice by substituting
Ce** for Ti** ions does not simply dilute the network of
dipoles but also disturbs the correlation between the direction
of dipoles near Ce-Og octahedra and the rest of the dipoles
in the lattice, leading to the observed accelerated decay of
the ferroelectric properties for x > 0.1. A likely cause for the
disturbance is the accelerated formation and growth of local
strain fields in the perovskite lattice with Ce content, arising
from the large size difference between corner-sharing Ce-Og
and Ti-Og octahedra, as illustrated in Fig. 12. This scenario
implies that, for Ce concentration x > 0.1, the Curie temper-

ature would vary inversely with the relative fraction of the
perovskite lattice directly affected by such fields, i.e., by the
volume of the lattice region occupied by interconnected Ce-
and Ti-based octahedra, in BaTi;_,Ce,O3. The experimental
data in Figs. 11(c) and 11(d) confirm the presence of such a
trend.

Concerning the remanent polarization, variations may be
expected to arise from changes in the contribution of Ti**
ions to the lattice polarization because both Ba>* and Ce**
ions are nonferroactive. An increase in the Ti** off centering
with Ce content may be expected to increase the lattice and
hence remanent polarization of BaTi; ,Ce,O3 ferroelectrics
in comparison with BaTiOs;. Concerning the permittivity,
variations may be expected to arise from changes in the po-
larization anisotropy. The direction of Ti off centering, i.e.,
direction of lattice polarization, in the not-uniformly strained
clusters of corner-sharing Ti-Og and Ce-Og octahedra would
appear somewhat decoupled from that in areas of the per-
ovskite lattice free from Ce-Og octahedra. Effectively, this
would diminish the polarization anisotropy and increase the
piezoelectric response in terms of dielectric permittivity un-
der external electric field. This scenario is consistent with
the trend of the experimental data in Figs. 11(a), 11(b), and
11(d), showing a concurrent increase in Ti off centering,
remanent polarization, and permittivity [42,43,66,68,69] for
x < 0.1 [see Figs. 11(a) and 11(b)]. However, regardless of
the further increased Ti off centering, the trend reverses for
x > 0.1. This is because, as discussed above, the coopera-
tive ferroelectricity in BaTi;.,Ce,Os itself starts decaying due
to the critical loss of electric dipoles and growth of local
strain field, leading to appearance of a broad maximum in the
piezoelectric response when x = 0.1(1). The concentration
dependence of T, permittivity, and polarization of ferro-
electrics from the BaTiO3 family where Ti*" is replaced by
other isovalent ions, including BaTi; ,Zr,O3, BaTi;  Hf,Os3,
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and BaTi_,Sn, O3 [27,39,40,74,75], also exhibits a nonlinear
behavior of the type seen in Fig. 11, indicating the presence
of a common structural origin. The difference between the
rate of change in 7, permittivity, and polarization of these
ferroelectrics with the percentage of the substituent ions may
be attributed to the difference in the size of those ions (0.605 A
for Ti** vs 0.69 A for Sn** vs 0.71 A for Hf** vs 0.72 A for
Zr*t vs 0.87 A for Ce*t).

V. CONCLUSIONS

Substitution of Ce** for Ti** in BaTiOs; modifies the
atomic structure such that the ferroelectric and dielectric prop-
erty changes exhibit two distinct regimes. For low Ce content,
for x < 0.10, the majority Ti-Og octahedra in the perovskite
lattice exhibit an increased rhombohedral distortion and do
not have Ce-Og octahedra as near neighbors. Accordingly,
the respective BaTi;.,Ce, O3 solid solutions show an enhanced
remanent polarization and increased temperature range of the
rhombohedral ferroelectric phase, while the Curie tempera-
ture stays constant. Largely due to diminished polarization
anisotropy, the dielectric permittivity also increases. For x >
0.1, the regions of nonuniform strain fields and “missing”
electric dipoles arising from the increasing number of Ce
atoms grow quickly, effectively diminishing both the overall
lattice polarization and long-range dipole-dipole interactions.
This frustrates the correlation between the directions of Ti off
centering all over the perovskite lattice and, regardless of its
further increased amplitude, causes an overall decay of the
cooperative ferroelectricity, including a rapid decrease in the
Curie temperature. Accordingly, the piezoelectric response
also decays quickly in terms of both remanent polarization
and permittivity. The value of x = 0.10(%2) appears close
to the percolation threshold of the appearance of an infinite
cluster of “missing dipoles” in a cubic-type lattice of dipoles
where long-range correlations between the dipoles are impor-
tant for the emergence of cooperative phenomena such as,

for example, ferroelectricity. Thus, because the local crystal
symmetry remains rhombohedral for all x, the transition be-
tween the enhanced and diminished piezoelectric response of
BaTi,_,Ce,O; ferroelectrics does not seem to involve a cross-
ing of a morphotropic phase boundary but appears percolative
in nature. To be more precise, it arises from a geometrical
frustration of the ferroelectric order in a perovskite lattice
that on average is pseudocubic and locally is rhombohedrally
distorted for all solid solutions. In this regard, the value of x =
0.10(£2) appears as a tricritical point in the phase diagram of
BaTi;_,Ce,O5 solid solutions where the transition between the
ferroelectric and paraelectric states of BaTi;_,Ce,O3 changes
its nature from sharp first order to continuous percolative,
and the piezoelectric response is maximized. This mecha-
nism appears to control the behavior of other ferroelectric
perovskites from the BaTiO; family where Ti** is replaced
by larger sized isovalent ions. Hence, it may need to be ac-
counted for in the ongoing search for environmentally friendly
ferroelectrics with enhanced piezoelectric response. In case
the chemical substitution involves aliovalent ions, nonuniform
electric fields are likely to form in addition to the strain fields.
This would trigger new mechanisms affecting the ferroelec-
tric properties. The physics of these mechanisms can also be
explored using the experimental approach demonstrated here.
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