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Average and local structure of the Pb-free ferroelectric perovskites (Sr,Sn)TiO; and (Ba,Ca,Sn)TiO;
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The characteristic structural off-centering of Pb>" in oxides, associated with its 652 lone pair, allows it to play
a dominant role in polar materials, and makes it a somewhat ubiquitous component of ferroelectrics. In this work,
we examine the compounds Srg9Sng; TiO; and Bag 79Cag 16Sng ¢s TiO5 using neutron total scattering techniques
with data acquired at different temperatures. In these compounds, previously reported as ferroelectrics, Sn**
appears to display some of the characteristics of Pb*". We compare the local and long-range structures of the
Sn?*-substituted compositions to the unsubstituted parent compounds SrTiO; and BaTiOs. We find that even at
these small substitution levels, the Sn>" lone pairs drive the local ordering behavior, with the local structure of
both compounds more similar to the structure of PbTiO; rather than the parent compounds.
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I. INTRODUCTION

The perovskite oxides ABO; form a class of highly studied
and technologically relevant materials, with many exhibiting
ferroelectric behavior [1]. Of the ferroelectric perovskites,
examples include BaTiO3; and PbTiO3, where the ferroelectric
polarization is associated with the off-centering of Ti in TiOg
octahedra due to so-called second-order Jahn-Teller effects
[2]. In PbTiO3, the Pb>* ions on the A site additionally drive
off-centering, due to the characteristic 652 lone pair [3,4].
The off-centerings can cooperatively give rise to spontaneous
polarization and ferroelectric behavior. First-principles studies
have suggested that SnTiO; should similarly display off-
centering due to the Sn>* 552 lone pair, and this as yet
experimentally unrealized compound is expected to exhibit
a larger polarization than PbTiO3 [5,6]. This is in keeping
with expected trends in lone-pair behavior of divalent carbon
group compounds [3]. The environmentally benign nature of
Sn?* would make SnTiOsz-derived compounds an attractive
alternative to Pb-containing ferroelectrics.

SrTiO; is an incipient ferroelectric that does not exhibit a
ferroelectric transition above 0 K due to quantum fluctuations
[7]. However, substitution of Sn*>* into the Sr>* site of SrTiO;
induces a relaxor-like ferroelectric transition [8,9]. Raman
spectroscopic observations of polar transverse optic modes
at room temperature suggest the ferroelectric behavior arises
due to the formation of percolative polar nanoregions formed
in the material [10]. A maximum dielectric permittivity was
observed with a nominal 10% Sn substitution, and is therefore
the composition chosen for this study [8]. In contrast to
SrTiO3, BaTiO; is a room-temperature ferroelectric material
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that is commonly employed in multilayer ceramic capacitors.
However, a relatively low ferroelectric transition temperature,
T,, of approximately 400 K limits the use of this material [11].
Efforts to increase the 7. of BaTiO; have been facilitated
through the substitution of Pb’>" into the Ba’' site [12],
but the toxicity of Pb leaves room for improvement for
technological applications. To increase the solubility of the
smaller Sn** into the lattice of BaTiOs3, the lattice volume
can be decreased by the addition of Ca®" into the A site. It
has been shown in the literature that the 7, of (Ba,Ca)TiO;
remains relatively constant up to the solubility limit of Ca*"
(approximately 20%), making this an accessible system to
study the effects of Sn”* substitution [13,14]. Successful
Sn* substitution into perovskite titanates has been completed
through the co-substitution of Ca’* and Sn** into the Ba*"
site of BaTiO3 and exhibits an increase of 20 K in the T,
for the nominal composition Bag79Cag 16Sn9,05TiO3 (further
studied here) compared to that of the unsubstituted compound
[15-18].

The presence of the lone pair of electrons bound to Sn** can
induce off-centering, and since these off-centerings need not be
correlated, it is necessary to utilize a structural technique that
will analyze not only the average crystallographic structure but
also the local structure in a material. This can be accomplished
through the application of total scattering techniques, which
utilize both the Bragg and diffuse components to provide
information on the average structure (obtained from Rietveld
refinement of the Bragg scattering) and the local structure
(obtained from the real-space pair distribution function).
In particular, neutron scattering plays a crucial role in the
structural analysis of oxide materials since scattering from
oxygen contributes significantly to the total signal. There are
numerous illustrations in the literature that the local structure
of titanate perovskites frequently does not reflect the average
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crystallographic structure. For example, it has been observed
that the local symmetry of the paraelectric phases in BaTiO3
and PbTiOj is better described as the ferroelectric phases
in space groups R3m [19] and P4mm [20], respectively.
Similarly, Page et al. [21] have observed in Nb-substituted
BaTiO; that the near-neighbor structure at all temperatures
is reminiscent of the ferroelectric R3m structure while the
average structure is cubic Pm3m at all temperatures.

In this contribution, we investigate the local and average
structure, using neutron total scattering methods, of two
characteristic ferroelectric compounds with Sn®* substitution
on the A site of the perovskite structure A**TiO; (A% =
Ba, Ca, Sr), using the compositions Srg¢Sng;TiOs; and
Bay 79Ca.16Sn9 05 TiO3. These compounds have been previ-
ously characterized from the viewpoint of their dielectric
properties, Raman spectroscopy, average x-ray structure, and
electron microscopy [8,9,15-18]. Some of the key findings
that emerge include that despite the small substitution levels,
the Sn>* lone pairs drive the local ordering behavior. The local
structure of both compounds more closely follows the behavior
of PbTiO; than that of the parent compounds SrTiO; and
BaTiOs, respectively. This trend towards tetragonal symmetry
below 7. upon substitution with Sn*" is in agreement with
recent DFT predictions [22]. Another surprising finding is that
over very short length scales the Ti-O correlations in TiOg
appear to become, somewhat counterintuitively, more regular
as the temperature is decreased. This effect appears to be more
pronounced in Sty ¢Sng ; TiO;.

II. METHODS

Ceramic samples of nominal Sry9SnyTiOs (SSTO) and
Bay79Cag.16Sng 05 TiO3 (BCSTO) were prepared through solid
state routes and details are described elsewhere [8,9,15-18].
Time-of-flight (TOF) neutron scattering data were collected
on powdered samples on the Nanoscale Ordered Materials
Diffractometer (NOMAD) at the Spallation Neutron Source
(SNS) located at Oak Ridge National Laboratory (ORNL) with
a collection time between 2 h to 4 h per sample [23]. Samples
were loaded in a fused silica capillary, and an empty capillary
was collected and subtracted as background.

The average structure of BCSTO was determined through
the analysis of diffraction patterns from the NOMAD exper-
iment over a d-space range of approximately 0.15 A to 6.0
A (banks 2, 3, and 4). Due to the subtle nature of the phase
transition in SSTO, additional high-Q resolution diffraction
data were collected at 300 K and 100 K on the POWGEN
diffractometer at the SNS at ORNL (Ad/d = 0.001-0.016 for
POWGEN vs Ad/d = 0.0036-0.039 for NOMAD) in 6 mm
diameter vanadium cans for a collection time of 2 h per sample.
The central wavelength of the TOF neutrons was chosen to
be 1.066 A, covering a d-space range of approximately 0.28
A to 4.60 A. Analysis of average structures was performed
through Rietveld refinement of the neutron diffraction data
from both diffractometers using the GSAS software suite with
the EXPGUI interface [24,25].

In order to study the local correlations of the materials,
the pair distribution function (PDF), G(r), was obtained by
the transformation of the normalized total scattering function,
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S(Q), collected on NOMAD according to the equation

l Omax
=
8(r) 272rp Lb? /Q

[S(Q) — 1]Qsin(Qr)d Q,
min 0 (1)
where r is the peak position in A, p is the number density in

e3 . .
atoms per A, b is the coherent neutron scattering length of
each atom in barns, Q is the magnitude of the scattering vector

in A, GO)=[g0)— 1], Qmin=05A"", and Quy =
315 A Analysis of the local structures was performed
by refinement of the real-space PDFs through the PDFgui

program [26]. Crystal structures were visualized using the
VESTA suite of programs [27].

III. RESULTS AND DISCUSSION

A qualitative comparison of the PDFs for both samples
as a function of temperature (Fig. 1) reveals trends in local
correlations upon cooling. All peaks over the 10 A range
show typical behavior of a decrease in peak width and an
increase in intensity due to decreased thermal motion at
lower temperatures. In the low-r range (less than 5 A) it is
observed that there are two notable areas of change upon
cooling: around 2 A [Fig. 1(a)] and around 4 A [Fig. 1(b)].
The correlations around 2 A are due solely to Ti-O bond
interactions in the TiOg octahedra, which are negative due
to the negative neutron scattering length cross section b of Ti,
whereas the correlations around 4 A are due to both O-O and
A-A interactions. From qualitative observations of the resolved
Ti-O peaks around 2 A, it appears in both samples that the
first-coordination environment is composed of multiple peaks

(a) SSTO (b) BCSTO
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FIG. 1. PDF data of (a) SSTO and (b) BCSTO as a function of
temperature (temperatures indicated). The clearest changes are found
around 2 A and 4 A (highlighted with bolded lines), corresponding
to Ti-O and A-A/O-O correlations, respectively.
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FIG. 2. Experimental and simulated Ti-O nearest neighbor neu-
tron G(r) for (a) SSTO and (b) BCSTO as compared to (c) calculated
neutron G(r) from the average structures of BaTiOs in space groups
Pm3m, P4dmm, Amm?2, and R3m from Kwei et al. [28] and the
14/mcm average structure phase of SrTiO; [29]. In BCSTO, the
Ti-O distribution is resolved into two components at 500 and 400 K.
The number of components is less clear at 300 K. An asymmetry of
the first Ti-O distribution is observed in the 400 K data of SSTO, with
the peak becoming more symmetric upon cooling.

in the high-temperature phase of each sample. Indeed, two
peaks are clearly observed at 500 K in BCSTO, and the number
of peaks becomes ambiguous upon cooling of this sample. In
SSTO, a definite peak asymmetry is observed at 400 K, and
the peak becomes more symmetric as the sample is cooled to
100 K.

A comparison of the observed Ti-O correlations with
Ti-O partials calculated from the reported average structure
phase transitions in BaTiO; (Fig. 2) illustrates that a narrow
distribution of Ti-O correlations/bond lengths is found in
the higher-temperature phases with space group symmetries
Pm3m, 14/mcm, and P4mm, while multiple resolved Ti-
O correlations/bond lengths are observed in BaTiO3; upon
transition to the low-temperature phases with symmetries
Amm?2 and R3m [19,28]. The trends in the PDFs upon
cooling of the Sn*"-substituted samples address the primary
and unexpected finding of this work: the local TiOg octahedra
of these Sn*"-substituted titanate perovskites appear to posses
a lower symmetry in the high-temperature cubic phase, and
become more regular upon cooling.

A. Sr0,9 Sn().l Ti03

Unsubstituted SrTiOj3 is a prototypical incipient ferroelec-
tric exhibiting a quantum paraelectric state at low temperatures
[7]. Characterized in the cubic Pm3m space group at high
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temperatures, the material undergoes an octahedral rotation
resulting in a displacive phase transition to tetragonal 74/mcm
at approximately 105 K. This transition has been studied
through neutron total scattering techniques and Reverse Monte
Carlo (RMC) modeling, and it was determined that the local
structure of SrTiO3 possesses very little structural disorder in
agreement with the long-range order observed in the material
[30]. Upon cooling, SrTiO; displays a softening of a long-
wavelength transverse optic (TO) phonon mode, but even upon
approaching 0 K, the mode persists, and a true ferroelectric
state has yet to be experimentally realized. This persisting
paraelectric state is due to a stabilization of the tetragonal
phase by quantum fluctuations, which makes the transitions
in this system highly sensitive to external influences [7]. For
example, compositional substitution creates structural disorder
and subsequent local dipolar interactions, such as Ca-induced
polar nanoregions in Ca®*-substituted SrTiOs, which prompts
arelaxor behavior in the material [31,32]. However, there was
no reported evidence of an average structural transition in the
Ca’*-substituted material.

The long-range, average structure of SSTO was determined
through Rietveld refinement of diffraction data collected on the
NOMAD (400 K, 300 K, 200 K, and 100 K) and POWGEN
(300 K and 100 K) instruments at SNS. A refined formula
of Srg.944)Sn0,064)T103 was determined from refinement of
the 400 K NOMAD data, and used for all other refinements.
These data were chosen for the purpose since they cover

a larger Q-space range (Q ~ 1.8 A7 to 42 A7 for bank

3 of NOMAD vs Q ~ 1.4 A t0 20 A~ for bank 2 of
POWGEN). This helps avoid excessive correlation of the
occupancy with other parameters in the refinement. Previous
work by Suzuki et al. reported substitution of Sn*" on both
the A and B sites of SrTiO5 [8,9]. Refinements that modeled
this two-site substitution were attempted, but the additional
refined occupancies were unstable and the refined model
inconclusive. In addition to Sn substitution on both sites,
Sn?t off-centering was reported [8,9]. However, off-centering
of an ion in a mixed (alloy) site cannot be refined against
Bragg-scattering data, and indeed, this was found to be true
insofar as any attempt to do this yielded unstable refinements.
Sn>* off-centering is supported from a perspective of bond
valence sums (BVS), with an Sn’>* BVS of 1.16 in the la
Wyckoff site of Pm3m. This suggests Sn>* is underbonded
in the la site, and a displacement into the variable 6e site
would create shorter Sn-O bonds and help satisfy the valence
of Sn*". The higher resolution of the POWGEN data was
used in an attempt to distinguish phase transitions between
the 300 K and 100 K diffraction data. Refinement of the
300 K data was performed in the cubic space group Pm3m
with Sr*>* and Sn** in the 1a Wyckoff position (0,0,0), Ti** in
15 (0.5,0.5,0.5), and O*~ in 3¢ (0,0.5,0.5) and is summarized
in Table I. Lattice parameters are in good agreement with
the literature for nominal Srg¢Sng;TiO; [8], and atomic
displacement parameters (ADPs, reported in Ujs,) indicate
minimal site disorder in the long-range structure.

PDF data collected at 400 K were fitted over a range of
15At105A against four separate models with space groups
Pm3m, 14/mcm, P4mm, and Amm?2, illustrated in Fig. 3.
The correlations between 2.5 A and 3 A are well described
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TABLE I. Atomic parameters of Sty gau)Sng oe4)TiO3 at 300 K,
as determined by Rietveld refinement of neutron diffraction data
collected on the POWGEN diffractometer. A-site occupancies were
determined using the diffraction data collected on the NOMAD
diffractometer (wider Q range of data) and applied to these
refinements.

Temperature (K) 300 100
Space group Pm3m (No. 221) P4mm (No. 99)
Cell edge a (A) 3.9081(5) 3.9000(5)
Cell edge ¢ (A) 3.9068(5)
A Uy, (f\z) 0.0066(5) 0.0031(7)
Ti Ujso (AZ) 0.0040(6) 0.0019(9)
Ol Uy, (f\z) 0.0076(3) 0.005(2)
02 Uy (A% 0.0044(9)
Ti z position 0.5 0.507(2)
O1 z position —0.001(2)
02 z position 0.5 0.490(2)
Ry (%) 5.1 5.5

by all models, but only Amm?2 captures the asymmetric shape
of the Ti-O correlation around 2 A. The asymmetric Ti-O
correlation indicates that the TiOg octahedra are not regular
above room temperature, and this supports previously reported
polar nanoregions at room temperature in the material [8—10].

In SrTiO;, the dominant structural change is a rotation
of the octahedra facilitated by a change in the positional
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parameters of the O atoms from cubic Pm3m, illustrated
in Fig. 4(a). This rotation inhibits the off-centering of Ti
[Fig. 4(b)], as is observed in ferroelectric perovskites BaTiO;
and PbTiO;. While the ferroelectric nature of BaTiO; is
primarily due to the Ti off-centering, the ferroelectric behavior
of PbTiO; is a cooperative distortion of the TiOg octahedra
driven by the stereochemically active pair of 6s electrons
bound to Pb*>", additionally supplemented by cooperative Ti
off-centering. By introducing a dopant that also possesses a
lone pair with potential for stereochemical activity, it can
be expected that there would be a competition between the
rotational process observed in SrTiO3 and the Ti off-centering
mechanism in PbTiO3. The Amm?2 model allows for distortion
of the TiOg octahedra through both a displacement of the Ti
atom and displacements of the O atoms in two directions.
It is therefore proposed that at 400 K, these competing
processes are both playing a role in the local structure, and the
Amm?2 model provides the best description of the simultaneous
displacements of the Ti and O atoms.

Rietveld refinements of the POWGEN diffraction data
collected at 100 K were conducted against structural models
in space groups Pm3m, I14/mcm, P4mm, and Amm?2 and
resulted in the best fit to the data with the P4mm model
(refinement R, values of 6.8%, 6.5%, 5.5%, and 13.25%,
respectively) with Sr>* and Sn>* in the 1a Wyckoff position
(0,0,z),z = 0; Ti*"in 15 (0.5,0.5,2); and 0>~ in 15 (0.5,0.5, )
and 2¢ (0.5,0,z). On the local scale (fit range 1 Ato5s A),
similar results were obtained in space groups P4mm and

o data

— fit
— difference

—_

G(r) (A%

— - — -
O OO O o1 O O O O o1 O O O O 0o O

G(r) (A?)

10 15 20 25 30

FIG. 3. (Color online) Fits of the PDF data at 400 K over a range of 1.5 Ato5Aand 1.5 A to 30 A for SSTO in space groups (a) Pm3m,
(b) 14/mcm, (c) P4mm, and (d) Amm?2. Correlations that describe the TiOg octahedra around 2 A are best described by Amm?2, which

accommodates for simultaneous displacements of Ti and O.
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FIG. 4. (Color online) (a) The structural transition in SrTiO;
from cubic Pm3m to tetragonal I4/mcm allows for a positional
displacement of O to (x,y,0) and results in octahedral tilting with
no displacement of Ti, whereas (b) the primary displacement of the
structural transition in BaTiO3 from Pm3m to tetragonal P4mm is
in the z direction for the Ti and axial O atoms.

Amm?2, summarized in Table II (see also Fig. 5). Due to
the close proximity of the refined parameters and R values,
the model with the fewest number of refined parameters,
P4mm, was chosen as the best description of the local
structure at 100 K. This result suggests that the rotational

TABLE II. Atomic parameters of SSTO at 100 K obtained from
refinements of the PDF data over an » range of 1.5 Ato5 A. Similar R,
values and bond lengths suggest both models are appropriate for the
data. Consequently, the model with the fewest refinable parameters,
P4mm, was chosen as the best description of the local structure.

Space group P4mm (No. 99) Amm?2 (No. 38)

A U (/0\2) 0.0021(7) 0.002(1)

Ti Ui (AZ) 0.0027(7) 0.0027(9)

Ol Ui, (/n%z) 0.0032(9) 0.003(1)

02 Uis% (AZ) 0.010(3) 0.009(2)

Ti-O (A) 1.92(5) 1.91(5)
1.939(3) 1.924(5)
2.05(5) 2.03(5)

R, (%) 2.9 2.8
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FIG. 5. (Color online) Refinements of the local and average
structure of SSTO at 100 K fitted with space groups P4mm [(a)
and (b), respectively] and Amm?2 [(c) and (d), respectively]. The
difference curves of each model, shown in gray below, indicate that
the P4mm structure provides a better description of the average
Bragg scattering than the Amm?2 structure. Similar fits of the local
structure were obtained with both space groups, suggesting that at
the local structure level, there is no evidence to support the presence
of additional rotational disorder allowed by the lower symmetry
structure.

transition observed in unsubstituted SrTiOz is suppressed
upon Sn?t substitution, and even with small concentrations
of Sn**, the transition to the low-temperature phase appears
to behave closer to that observed in PbTiOs rather than
SrTiO3. The suppression of the rotational transition, coupled
with the tendency of off-centering in Sn>* on the A site,
may provide an explanation for the origin of the ferroelec-
tric behavior in Sn-substituted SrTiOsz. This highlights the
sensitivity of the rotational instability in SrTiO; and the
importance of the active lone pair of 6s electrons to drive this
transition.

B. Bay.79Cay.165n0.0sTiO3

The phase transitions in BaTiO; are well known and
have been studied in detail through neutron total scattering
techniques. Globally, BaTiO; undergoes a cubic (Pm3m) to
tetragonal (P4mm) phase transition at approximately 393 K,
a tetragonal to orthorhombic (Amm?2) transition at approxi-
mately 278 K, and finally an orthorhombic to rhombohedral
(R3m) transition at approximately 183 K [28]. Analysis of
the local structure of BaTiO; (r range of 1 A to 10 A)
revealed that the local structure in the orthorhombic and
rhombohedral regimes can be described by the long-range
crystallographic phases, but it appears that the rhombohedral
phase persists above the phase transition temperature, and
the phase transition is gradual on a local scale [19]. It was
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TABLE III. Atomic parameters of BCSTO at various tempera-
tures, as determined by Rietveld refinement of neutron diffraction
data collected on the NOMAD instrument. Occupancies were kept at
nominal values for the refinement.

Temperature (K) 500 400 300
Space group Pm3m (No. 221) P4mm (No. 99) P4mm (No. 99)
Cell edge a A) 3.9942(3) 3.9756(5) 3.9765(5)
Cell edge ¢ (10\) 4.0035(7) 4.0252(7)
A U (AZ) 0.010(1) 0.008(2) 0.005(1)
Ti Ujso (AZ) 0.009(1) 0.012(2) 0.005(1)
Ol Uiy (Az) 0.011(1) 0.020(3) 0.018(3)
02 Uiy (Az) 0.008(1) 0.005(1)
Ti z position 0.5 0.482(5) 0.483(7)
O1 z position —0.020(5) —0.024(5)
02 z position 0.5 0.503(5) 0.503(7)
Ryp (%) 4.9 4.9 6.1

proposed that the orthorhombic to tetragonal phase transition
would illustrate a similar and increasingly displacive local
phase transition, but modeling of the local structure in various
space groups was limited by the resolution of the PDFs and
was inconclusive. Furthermore, it was illustrated by Page
et al. that the local structure of bulk BaTiOs; was better
described by the thombohedral R3m phase at 300 K rather
than the global P4mm phase [33]. It has additionally been
observed through extended x-ray absorption fine structure
(EXAFS) analysis that locally the TiOg are best described
as rhombohedral throughout the entire series of average phase
transitions, but the correlation length of these octahedra varies
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with temperature, resulting in an order-disorder series of phase
transitions [34,35].

Ca-substituted BaTiO; has been explored with various
substitution levels, with the maximum solubility limit at
BagsCag,TiO3, and is demonstrated to undergo a phase
transition from cubic Pm3m to the ferroelectric tetragonal
P4mm perovskite structure without varying the 7, from
that of the parent compound [13,14]. Substitution of Ca*"
is accompanied by a linear decrease in the cubic a lattice
parameter [36], which would suggest a depression in the T,
such as is observed in the BaTiO3-SrTiOj3 solid solution [37].
This has been attributed globally to a size mismatch effect of
the Ba>t and Ca®" cations [38]. Additionally, analysis of the
local structure of BaggCag,TiO3; through RMC modeling of
neutron total scattering, XAFS, and diffuse electron scattering
indicate simultaneous ferroelectric displacements of the Ca*"
and Ti*, giving rise to the sustained 7, [39].

Rietveld refinement of the diffraction data from 500 K
to 300 K of BCSTO indicates a structural transition from
cubic Pm3m to tetragonal P4mm, and refined parameters are
summarized in Table III. Room-temperature lattice parameters
are in good agreement with the literature for the nominal
composition [15,16]. Isotropic ADPs of all atoms are relatively
high at room temperature, suggesting there is site disorder
which deviates from the well-described special positions
of the cubic perovskite structure. High ADPs persist for
Ti at 400 K, and for the axial oxygens (O1) in the TiOg
octahedra.

Qualitative observations in BCSTO indicate multiple Ti-
O bonds resulting in irregular TiOg octahedra at 500 K,
suggesting either Amm?2 or R3m as appropriate space group
descriptions for the local coordination environment of Ti.
Figure 6 shows the fits of the PDF data over ranges 1.5 A

o data
— fit

— difference

FIG. 6. (Color online) Fits of the neutron PDF of nominal BCSTO at 500 K over an r range of 1.5 Ato5Aand1.5A 10304 in space
groups (a) Pm3m, (b) R3m, and (c) Amm2. Both the Amm?2 and R3m models capture the multiple Ti-O correlations around 2 A, but the
Amm?2 model more accurately captures the disorder in the A-A/O-O correlations observed around 4 A. Similar fits are obtained over an r range
of 1.5 A to 30 A with the different space groups, supporting the long-range order as best described by cubic Pm3m.
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TABLE IV. Atomic parameters of BCSTO at 500 K obtained
from refinements of the PDF data over an r range of 1.5 A to
5 A. Employing the R3m model reduces the ADPs of the Ti and
O positions and results in more bond lengths with smaller standard
deviations, and was therefore chosen as the best description of the
local symmetry.

Space group Amm?2 (No. 38) R3m (No. 160)

A Uiso (Az) 0.009(3) 0.009(4)

Ti Uiso (Az) 0.008(5) 0.0059(4)

01 Ui, (Az) 0.041(9) 0.009(1)

02 Uy (A 0.0016(6)

Ti-O (A) 1.9(1) 1.91(5)
1.95(2) 1.924(5)
2.1(1) 2.03(5)

R, (%) 7.3 9.0

to5Aand 1.5 A t0 30 A in space group models of Pm3m,
Amm?2, and R3m. While a comparison of the R,, values of
the Amm?2 and R3m structures would suggest that the local
symmetry is better described by Amm?2, a comparison of the
ADPs and bond lengths indicates otherwise (Table IV). When
modeled with R3m, ADPs and the error associated with the
Ti-O bonds are minimized. Additionally, the R3m model uses a
smaller number of parameters to model the symmetry, and was
therefore chosen as the more accurate description of the local
environment at 500 K. While the R3m structure minimizes the
Ti and O ADPs, both space groups have relatively high A-site
ADPs, which is also reflected in the analysis of the long-range
crystallographic structures. This indicates that not all of the
disorder on the A site is captured by the proposed space group
models. In both crystallographic models, the A atom is located
in the center of the large cubic site of the perovskite structure.
Once again, BVS calculations can be utilized to rationalize
the location of the Sn** dopant into the (Ba,Ca)TiO3 host
lattice. With the refined bond distances at 500 K, a Sn**
BVS of 0.98 is calculated, suggesting the Sn>* is severely
underbonded if located in the (0,0,0) 1a Wyckoff site. As with
SrTiO3, displacement into the variable 6e site would create a
few shorter Sn-O bonds and thus raise the valency of the Sn**
atom. Refinements were attempted with this model, but as with
SSTO, refinements of the Sn** position were unstable and
inconclusive. As the fitting range of the PDF data is increased,
the data begin to approach the long-range, global structure.
When the maximum of the fitrange of the PDF data is increased
to 30 A, the resulting fits in the three space groups are nearly
indistinguishable, supporting the global symmetry observation
of a Pm3m symmetry from the refinement of the diffraction
data.

Based on the results of the local structure at 500 K and the
long-range structure at 300 K, the PDF data collected at 300 K
were fitted against structural models with space groups P4mm
and R3m. A comparison of the average and local fits against
the two models is illustrated in Fig. 7. It is apparent from
the difference curves that P4mm provides a more accurate
fit to the diffraction data than R3m. However, distinguishing
between the fits of the low-r range of the PDF data is not so
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FIG. 7. (Color online) Refinement of the low-r PDF of nominal
BCSTO at 300 K shows similar fits of the Ti-O correlations around
2 A with both the P4mm (a) and R3m (b) structural models. Rietveld
fits of the neutron data collected on NOMAD indicate that the P4mm
model (b) maintains a better description of the average structure than
the R3m (d) model.

straightforward, and while a smaller R, results from modeling
the local symmetry with P4mm (6.10% as opposed to 6.34%
in R3m) further insight can help distinguish the best model of
the local structure. A comparison of the refined ADPs from
the two models as a function of temperature over a 1.5 A5
A fit range (Fig. 8) indicates that A-site ADPs are minimized
in the P4mm model across the temperature series. Ti ADPs
are minimized at 500 and 400 K in the R3m model, while at
300 K ADPs are minimized in the P4mm model. A similar
trend is observed in the oxygen ADPs, which have been mod-
eled individually for each crystallographically equivalent site
in P4mm. Smaller ADPs (and their associated error) indicate
which space group best models the local disorder, and therefore
at 300 K, the P4mm model is the best description of the local
symmetry.

The evolution of the Ti-O bond lengths upon cooling is
illustrated in Fig. 9, as well as a pictorial description of the TiOg
octahedra in the Pm3m, P4mm, and R3m structures using
the refined values for the average (Pm3m) and local (P4mm
and R3m) structures. Rietveld refinements of the average
structure indicate Ti displaces towards an axial O, resulting
in three Ti-O bond lengths (one short, four medium, and
one long) at lower temperatures. Local refinements indicate
that the Ti is displaced towards the face of the octahedra
at high temperatures (two Ti-O bond distances, three short
and three long), and displacement towards the axial O (three
Ti-O bonds) is only locally observed at low temperature.
The phase transition of BCSTO proceeds from a distinctly
rhombohedral local structure to a symmetry that is better
described by the P4mm model at 300 K. In PbTiO3, the
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FIG. 8. (Color online) Isotropic ADPs (Ujy,) in BCSTO as a
function of temperature obtained from various space groups fitted
against the PDF data over an r range of 1.5 Ato5 A. A-site ADPs are
minimized in P4mm across the temperature series. ADPs of Ti and
O are minimized in the R3m model until 300 K, where the Ti and O1
ADPs (filled symbols) are minimized in P4mm. This suggests R3m
is a more accurate model at 400 K and 500 K, while P4mm becomes
the most accurate description of the local symmetry at 300 K.
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FIG. 9. (Color online) Ti-O bond lengths in BCSTO of the (a)
average and (b) local structure obtained from Rietveld refinement of
the NOMAD diffraction data and least-squares refinement of the PDF
data, respectively. TiOg structural units in the Pm3m, P4mm, and
R3m structures are shown below the plots.
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short Ti-O bond in tetragonal P4mm is stabilized by the
covalency of the Pb-O bond [40]. A similar effect may be
present in the Sn-substituted BCSTO, and therefore the local
structure in the low-temperature phase more closely resembles
that of PbTiO; rather than BaTiO;, which has an average
and local structure that is best described by the rhombohedral
space group at 300 K [19]. This suggests the series of phase
transitions in BCSTO is not an order-disorder type transition
as is observed in BaTiOs, as the system is locally distorted in a
rhombohedral symmetry only in the high-temperature regime.
This indicates that at high temperatures, the local structure of
BCSTO is a result of the size mismatch of Ba?t and Ca?*,
but upon cooling, the stereochemical activity of the lone pairs
dominates the transition into a local structure that is more
similar to the P4mm model. The elevated 7, of BCSTO can
be attributed to a combined effect of the Ba/Ca size mismatch
and the enhanced polarization due to the Sn**. As with SSTO,
the lone-pair active A-site cation is dominating the observed
structural behavior.

IV. CONCLUSIONS

Samples of Pb-free ferroelectric perovskites with the
nominal compositions Bay79Cag 16Sng 05 TiO3 (BCSTO) and
Srp.9Sng,1 TiO3 (SSTO) were shown to exhibit a phase transi-
tion from average cubic to average tetragonal symmetry upon
cooling. The local structure of SSTO is best described by
the Amm?2 model at room temperature, and tends towards
a P4mm model at 100 K. The local structure of BCSTO
is best described by the R3m model at high temperatures,
but ADPs are minimized in the tetragonal P4mm model at
lower temperatures, suggesting that this is the more consistent
description of the local symmetry upon cooling. Both samples
exhibit average and local behavior at low temperatures that
more closely resembles PbTiO3 rather than the behavior of
the more compositionally similar parent compounds BaTiO3
or SrTiO;. This highlights the influence of the Sn>* 552 lone
pair on the structural behavior, despite the small substitution
levels. The influence of the stereochemical lone pairs overrides
various competing structural tendencies in both systems,
resulting in the emergence of a ferroelectric transition in
SSTO and an elevated 7, in BCSTO. Most surprisingly, both
samples exhibit lower apparent local symmetry at higher
temperatures than at lower temperatures, which is contrary to
the usual expectation. This trend is reminiscent of the so-called
emphanitic behavior reported in PbTe [41] and SnTe [42],
suggesting the need for further study, especially above room
temperature.
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