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Abstract

The structural properties of (BigsNags)Ti;..Zr,O3 (where 0 < x < 0.7) have been investigated
using powder diffraction and X-ray absorption spectroscopy. Diffraction measurements on
(BigsNag5)TiO3 confirm that both monoclinic Cc and rhombohedral R3¢ phases are present at
room temperature. Doping small amounts of Zr into the B site of (BiypsNags)TiO; initially
stabilizes the rhombohedral phase before the orthorhombic Pnma phase begins to form at x = 0.5.
Analysis of the Ti K-edge and Zr L;-edge XANES spectra show that the crystallographic phase
change has very little effect on the local structure of Ti*"/Zr*" cations, suggesting that there is
little change in the cation off-center displacement within the BOg octahedra with each successive
phase change.
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Introduction

Lead-based 4BOs perovskites, particularly PbTi;.,Zr, O3, remain the industry standard for
ferroelectric and piezoelectric applications, such as transducers, actuators, and sensors. Due to
the adverse environmental impact of lead-based materials, considerable efforts have been
directed towards developing lead-free ferroelectric and/or piezoelectric materials as alternatives
to PbTi;.,ZrOs. > Since the Pb>" 6s” lone pair is known to play an important role in influencing
the ferroelectric properties of these materials,” recent attempts to develop lead-free perovskites
have focused on replacing Pb*" with isoelectronic Bi’". Of these Bi-based perovskites,
(BigsNay5)TiO3 has been identified as a promising alternative to PbTi;.,Zr,Os. (BigsNays)TiO;3
was first studied by Smolenski in 1961 and it has subsequently been established that this
compound exhibits strong ferroelectricity with unusually high remnant polarization (P, = 38
nC/cm?) and Curie temperature (593 K).” However, poling (Biy sNags)TiOs is difficult due to its
high coercive field (E. = 73 kV/cm), resulting in relatively weak piezoelectric properties (d3; =
73-80 pC/N).> The piezoelectric properties of perovskites can be improved by doping the 4
and/or B site with cations that allow for the formation of a morphotropic phase boundary (MPB),
a region in a solid solution where two or more ferroelectric phases co-exist. High piezoelectric
behavior is often observed at the MPB as the polarization direction can be easily rotated by
external stress or electric field.® The rhombohedral-tetragonal MPB known to exist in the PbTi,.
21,03 solid solution at x = 0.52 has been extensively studied.” MPB’s have also been observed
in several (BigsNags)TiOs-based solid solutions, including (Bio.5Nao.5)1_xBathiO3,8 (BigsNag s)i-
Pb,Ti03,” (BigsNags.2Kyn)TiOs,""  (Bips.2Kwa2Nag5)TiiNb, O3, and  (Bio.s:2Nag s.2) i

12
XCOXO3.
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The crystallographic structure of (BigpsNays)TiO; at room temperature was originally
described as an A site substituted perovskite that adopts a rhombohedral structure in space group
R3c, in which the Bi*"/Na” and Ti*" cations are displaced parallel to each other along the [111]

1314 More recent studies have raised doubt as to the accuracy of this description. An

direction.
infrared and Raman spectroscopic study by Petzelt et al. suggested that localized monoclinic
distortions in space group Cm were present.'” Gorfam et al. later suggested from X-ray
diffraction (XRD) analysis that BipsNagsTiO3 actually forms a monoclinic structure in space
group Cc rather than a rhombohedral structure.'® Recently, Aksel et al. demonstrated that the Ce
model provided a better fit to the synchrotron X-ray diffraction (S-XRD) pattern of
(BigsNag 5)TiO3 than the R3¢ model.!” Aksel ef al. later confirmed the Cc monoclinic structure
in a combined X-ray and neutron total scattering study and noted large displacement parameters
of Bi*"/Na’, likely due to the deviations in the Na" and Bi’" cations from their ideal positions."®
Evidence of a monoclinic phase in (BipsNags)TiOs has also been observed in several electron

21 Rao et al. have suggested that both rhombohedral (R3c) and

microscopy experiments.
monoclinic (Cc) phases were present at room temperature and that the relative amounts of these
are highly dependent on synthesis conditions.”” The existence of two ferroelectric phases
(thombohedral R3¢ and monoclinic Cm) was observed in PbTil_erxO3.23 (This too has been
disputed with a recent X-ray and neutron diffraction study suggesting that PbTi,.,Zr,O3 actually

forms a single monoclinic structure in space group Ce.>*)

Given the recent controversy over the room temperature structure of (BigsNag 5)TiOs, it is
important to revisit the structural evolution of (BigsNags)TiOs-based solid solutions. One such
solid solution that deserves further investigation is (BigsNags)Ti;..Zr,O3. Lilly et al. first

reported (BipsNags)ZrO; as forming an orthorhombic structure in space group Pnma.®
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Rachakom ef al. later reported that the rhombohedral-orthorhombic phase transition in
(BigsNags5)Ti;..Zr,O3 occurs at x ~ 0.8 based on analysis of laboratory XRD data.?® More
recently, Barick ef al. reported that only the rhombohedral structure was observed for
compositions with x < 0.6 As these analyses were performed using laboratory XRD data,
which is well known to be of limited power in studies of oxides containing very heavy cations
such as Bi or Zr, we elected to reinvestigate the average structure of (BigsNags)Ti;,Zr,O3 using
a combination of S-XRD and neutron powder diffraction (NPD). The local structure of the
oxides was investigated using X-ray absorption near-edge spectroscopy (XANES). Levin et al.,
in a recent study on BaTi; Zr,O; perovskites, demonstrated that the Ti K-edge lineshape is
sensitive to changes in the local distortions of TiOg octahedra in perovskite materials.”®  We
have found the Zr L-edge lineshape to also be extremely sensitive to changes in the Zr''

coordination environment.?

Experimental
Synthesis

All reagents (Bi;O;, BaCO;, Na,COs, ZrO,, and TiO;) were obtained from Sigma-
Aldrich or Aithaca with purities better than 99.9%. ZrO, and TiO, were calcined at 1000 °C for
12 h before use, while Bi,O; and BaCO; were calcined at 500 °C for 12 h. Samples of
(BigsNags)Ti;.Zr,03, (0 < x < 1 in 0.1 increments) were prepared by finely mixing
stoichiometric amounts of each reagent under acetone with a mortar and pestle. The powders
were then hydrostatically pressed into rods, heated to 800 °C for 4 h, and quenched. This process
was repeated until no further changes were observed in the XRD patterns, obtained using a

Panalytical X’Pert Pro X-ray diffractometer equipped with a Cu Ka X-ray source. For the Zr-
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rich samples (x > 0.8 in (BigsNags)Ti;Zr,03), diffraction data contained additional reflections
due to ZrO; and an unknown impurity; therefore, detailed analysis was only performed for

samples with x <0.7.

Samples of BaTi;.,Zr,O3 (0 <x <1 in 0.1 increments) were prepared as standards for the
XANES analysis. Samples were prepared by finely mixing stoichiometric amounts of each
reagent under acetone with a mortar and pestle. The powders were hydrostatically pressed into
rods, heated to 900 °C for 24 h. Samples were reground, pressed, and heated to 1200 °C for 24 h.

This process was repeated until single phase samples were observed in the XRD patterns.
Structure Determination

Structure determination was carried out using both synchrotron X-ray and neutron
powder diffraction techniques. S-XRD patterns on the (BigsNags)Ti;..Zr,O3 series (where 0 < x
< 0.7) were collected on the Powder Diffraction beamline of the Australian Synchrotron.*® Data
were collected at room temperature in an angular range of 5° < 26 < 85° using X-rays of
wavelength 0.7749 A, calibrated against NIST SRM660a LaBs. Each finely ground sample was
placed in a 0.3 mm diameter glass capillary that was rotated during the measurements. Neutron
powder diffraction (NPD) patterns of (BigsNags)TiO3 were collected at room temperature and 3
K on the high-resolution powder diffractometer Echidna at ANSTO’s OPAL facility in Lucas
Heights, Australia.’® Data were obtained over the angular range 10° < 260 < 165° with the
wavelength of the incident neutrons fixed at 1.62 A and 2.44 A using (335) and (331) reflections
of a germanium monochromator, respectively. The samples were packed into 9 mm diameter

vanadium cans.
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The structures were refined with the full-profile Rietveld method using the program
LHPM-Rietica program (S-XRD) and the GSAS program with the EXPGUI front end (NPD).>
37" The peak shape of both the S-XRD and NPD data was modeled using a pseudo-Voigt
function, also convoluted with asymmetry for the NPD data (resulting from axial divergence).
Background was estimated from the linear interpolation between ~30 background points.
Structural and profile parameters were varied during the refinement. An absorption correction

was applied to the S-XRD data. The NPD data were not corrected for absorption because of the

moderate neutron absorption cross section of each of the constituent atoms.
XANES Analysis

The Ti K-edge XANES spectra of (BigsNags)TiZr,O3 (0 < x < 0.5) were collected on
beamline 17C1 at the National Synchrotron Radiation Research Center (NSRRC) in Hsinchu,
Taiwan.”® Powder samples were mixed with the appropriate amount of boron nitride and pressed
into pellets. Spectra were collected from ~200 eV below to ~300 eV above the Ti K-edge in
transmission mode with a step size of 0.25 eV in the near-edge region and a dwell time of 2 s.
X-ray energies were scanned using a Si(111) monochromator, which was detuned by 50 % to
reject higher harmonics. The Ti K-edge was calibrated against metallic Ti foil with the

maximum of the first derivative of the Ti K-edge set to 4966.0 eV.

The Zr Li;-edge XANES spectra were collected on beamline 16A1 at the NSRRC.*
Finely ground samples were dispersed onto Kapton tape and placed in front of the X-ray beam at
a 45° angle. Spectra were collected in total fluorescence yield (TFY) mode using a Lytle

detector. An energy step-size of 0.2 eV was used near the absorption edge. The Zr Ls-edge
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spectra were calibrated against elemental Zr with the maximum in the first derivative of the L;-

edge set to 2222.3 eV.

All XANES spectra were analyzed using the Athena software package.40
Results and Discussion
Diffraction analysis

In order to properly determine structural changes in the (BigsNags)Ti;..Zr, O3 series, it
was appropriate to first revisit the structure of the end member (BipsNays)TiOs. Figure 1 shows
the refined S-XRD pattern of (BigpsNags)TiO; fitted to various single-phase and two-phase
models. R-values and goodness of fits (%) from these fits are tabulated in Table 1. Fitting the
pattern to the monoclinic Cc phase rather than the rhombohedral R3¢ model
resulted in a decrease in * from 3.228 to 2.885, similar to that originally reported by Aksel et
al.'’ However, as evident from the insets in figure 1, neither of these single-phase models
provided a satisfactory fit to all the reflections with the greatest discrepancy being observed for
the (123) reflections near 20 = 54.5° at A= 0.7749A. The fits were noticeably improved when the
pattern was fitted to a two-phase model consisting of the rhombohedral R3¢ phase and either the
monoclinic Cm phase (x> = 1.842) or monoclinic Cc phase (x* =1.641). These two monoclinic
systems are similar in that they both exhibit out-of-phase tilting of the corner sharing BOg
octahedra, with Cm exhibiting a’a’c—type tilting and Cc exhibiting a'a'a—type tilting.
Alternatively, the monoclinic Cm phase can be viewed as a monoclinically-distorted
orthorhombic structure whereas the monoclinic Cc phase can be viewed as a monoclinically-
distorted rhombohedral structure. The two-phase models were the only models that could

successfully fit the satellite feature in the pseudocubic (123) reflection. Given that the Cc + R3¢
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model results in a slightly better y* value than that obtained with the two phase Cm+ R3¢ model,
we conclude that the monoclinic phase present in (BigsNags)TiOs adopts the Cc space group.
This is the same monoclinic structure observed in PbTi0.4ng0,5203.41 The Rietveld refinements
against the S-XRD data showed that this sample of (BigsNags)TiOs contained 61.5(7)% Cc and
38.5(5)% R3¢, which is in good agreement with the phase composition reported by Rao et al.*
(83% Cc and 17% R3c); the small difference between the two studies is likely due to differences
in reaction conditions. Aksel ef al. previously suggested that reaction conditions play a crucial
role in the stability of the monoclinic Cc phase.'” In their study, diffraction patterns for 1100 °C
calcined (BigpsNags)TiO; could be fitted equally well to either the monoclinic or the
rhombohedral models whereas those from samples annealed at 400 °C could only be fitted to the

monoclinic model.
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Figure 1. S-XRD pattern of (BigsNags)TiOs fitted to various single-phase and two-phase

models. The solid line represents the results of the Rietveld refinement and the vertical markers
show the positions of the space group allowed Bragg reflections. The best fit to the pattern was
obtained by the two phase Cc + R3c model. The insets highlight the fitting of the pseudocubic

(123) reflections.

NPD data were also collected from (BigsNags)TiO3 at 298 and 3 K using both 1.62 and
2.44 A neutrons. These data were fitted using the same two-phase Cc+ R3¢ model developed in
the analysis of the S-XRD data, and the profiles recorded at 298 K are illustrated in Figure 2.

Selected results from the combined refinements are shown in Table 2. Bond distances for the
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monoclinic phase can be found in Table 3. The refined weight percentage of the monoclinic
phase was found to be 64.2(1.2) % at 298 K and this increased slightly to 70.7(5) % on cooling
to 3K. The result at 298 K is similar to that obtained from the analysis of the S-XRD data
(61.5(7) %). The refined structure showed significantly larger isotropic atomic displacement
parameters of the A-site cations than the B-site at both 298 K and 3 K, consistent with Bi*"/Na"
disorder on the A-site.

Refinement of the A4-site occupancy showed that it is close to the

expected 50% Bi*" / 50% Na' ratio in both the monoclinic and rhombohedral phases.

T I I T
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Figure 2. Neutron diffraction patterns of (BipsNags)TiO3 collected at 298 K. The Rietveld
refinements were performed on patterns collected at wavelengths of 1.62 A (top) and 2.44 A
(bottom). The solid line represents the results of the Rietveld refinement and the vertical markers
show the positions of the space group allowed Bragg reflections for the monoclinic Cc ( upper

markers) and rhombohedral R3¢ (lower markers) phases.

10
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Fitted S-XRD patterns for various members in the (Biy sNags)Ti;.Zr,O3 series are shown
in Figure 3. There is a general shift in the peaks to lower 26 with increasing x consistent with an
increase in the unit cell volume due to the progressive replacement of Ti*" (ionic radius: 0.605
A) by the larger Zr*" (ionic radius: 0.72 A).** This increase is quantified through the Rietveld
refinements and these results are summarized in Table 4 and Figure 4a. Most compositions
studied consisted of two phases (the exceptions being x = 0.3, 0.4, and 0.7). As shown by Figure
4b, doping Zr*" into the B site initially stabilizes the rhombohedral phase. This is confirmed by
the disappearance of superlattice reflections characteristic of the monoclinic Cc phase (Figure
3b). Surprisingly, there are quite small increases in the unit cell volume of the monoclinic phase
(0.7 %) at x=0.1 compared to the rhombohedral phase (1.6 %), suggesting that Zr*" cations
initially preferentially substitute into the rhombohedral phase. Refining the B site occupancy of
(BigsNags)TigoZry 103 suggested the rhombohedral phase was slightly Zr* -rich (82.5(1.2) %
Ti*"; 17.5(1.2) % Zr4+) and the monoclinic phase was Ti-rich (93.6(1.4) % Ti*"; 6.3(1.4) % Zr4+).
Rao et al. has previously reported that the rhombohedral phase can be electrically poled in
(Bio.sNags)TiO3.** Here, the rhombohedral phase can be preferentially stabilized by doping the
B site with a larger cation, but a correlation between these two observations is yet to be
established. At x = 0.5, superlattice reflections consistent with an orthorhombic Pnma phase
begin to form, and by x = 0.7 only the orthorhombic phase is present, which is within the range
of the rhombohedral-orthorhombic phase boundaries reported by Rachakom et al. (x = 0.8) and

Barick et al. (x =0.6).2%%’

11
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Figure 3. a) The fitted S-XRD patterns of (Biy sNays)Ti;,Zr,O3 (0 <x <0.7). b) An enlargement
of the S-XRD patterns showing the change in the pseudo-cubic (013) reflection. A and *
represent superlattice reflections corresponding to the monoclinic Cc and orthorhombic Pnma

phase, respectively.

—~ M
s - - e -
a) (Bi, Na, )i, , . " b) (BiyNag ) Ti,.
~ 3754 Py 1001 A
(O] - <O |
E 360 - S 80-
> L] c ] A
O 3454 o ] .
> = a = 601 ® B R3c
= A 4 n | e Cc
] 250 1 8_ 40 A Pnma
1=
9 R m R3c £ ] °
= 2409 . e Cc S L o .
S ° A Pnma (@] 7
230 T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 0.7
X X

12



Page 13 of 25 Dalton Transactions

Figure 4. Plots of a) unit cell volume and b) phase composition as functions of x in the
(BigsNags)Ti;..Zr,O3 solid solution. The shading illustrates the single-phase (rhombohedral)

region in the solid solution.

XANES analysis

The Ti K-edge XANES spectra of representative members of the (BiysNags)Ti;,Zr,O3
solid solution (x = 0-0.5) are shown in Figure 5a. For comparison, spectra of the corresponding
members of the BaTi;.Zr,O; solid solution were also collected (Figure 5b). To remove effects
from sample preparation and absorber concentration, all spectra are normalized so that the edge
jump is equal to one. This ensures that changes in spectra features are due to electronic effects.
Changes in the lineshape of the Ti K-edge of BaTi;.Zr,Os solid solution are identical to those
reported by Levin ef al.”® There are two major features to the Ti K-edge, a main edge feature
(labeled A) and a pre-edge feature (labeled B), which are highly sensitive to the oxidation state
and coordination environment of Ti*" cations.* The main-edge feature corresponds to a dipole-
allowed transition of a 1s electron into the unoccupied 4p states. There exist obvious differences
in the lineshape of the main-edge between the two solid solutions, which are likely due to
differences in the hybridization of Ti 4p states with the bonding states of nearest and next-nearest
neighboring atoms (i.e. Bi 6p/Na 3p vs. Ba 6p states). Regardless of these changes it is evident
that doping 7r*" into both (BigsNays5)TiO; and BaTiO3 does not cause a shift in the Ti K-edge

absorption edge energy, confirming that Ti remains tetravalent in both series.

13
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/1,03 and b) BaTi,..Zr,O; solid solutions. Major features of the Ti K-edge pre-edge region of

the (BigsNags)Ti;.,Zr,O3 and BaTi,.,Zr,O3 solid solutions are highlighted in c¢) and d). All Ti K-

edge XANES spectra were collected in transmission mode.

Although Zr*" doping does not result in an appreciable shift in the energy of the Ti K-

edge in either (BigsNags)Ti;..Zr,O3 or BaTi;_Zr, O3, there are noticeable changes in the shape of

the pre-edge feature for both solid solutions. The pre-edge corresponds to a dipole-forbidden
transition of a s electron into the unoccupied 3d states.

(labeled B1-B4) observed in the pre-edge. Feature B1 is believed to correspond to a dipole-

There are four significant features
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44,45
™ In

forbidden transition of a 1s electron into the #,, states for octahedrally coordinated Ti.
perovskite systems, feature B2 corresponds to a dipole-allowed transition of a 1s electron into
hybridized 3d-4p states with e, symmetry.45 3d-4p mixing occurs in the presence of static or
dynamic violation of the inversion symmetry of the absorbing Ti atom (i.e., Ti off-centering).
As such, the intensity of B2 is sensitive to the displacement of Ti*" cations from the center of the
TiOg octahedron. For BaTi;..Zr,O3, B2 shows a small decrease in intensity with increasing x,
suggesting a decrease in Ti 3d/4p hybridization. As previously reported by Levin et al., this is
consistent with a decrease in Ti off-centering with increasing x.*® In comparison, there is a small
increase in the intensity of B2 in the (BigsNags)Ti;Zr,Os solid solution with increasing x,
suggesting a small increase in Ti*" cation displacement. However, the intensity change is

smaller than that observed in BaTi,..Zr, O3, suggesting that Zr-doping has a much smaller affect

on Ti*' cation displacement in (Big sNag 5)T1;.,Zr,Os.

Information on the local ordering of Ti*"/Zr*" cations can be inferred from features B3
and B4. Features B3 corresponds to the transition of a 1s electron into the unoccupied 3d states
of neighboring Ti*" cations.* In both solid solutions, the intensity of B3 decreases as Zr'"
content increases, consistent with a decrease in the number of neighboring Ti 3d states.
Coincidently, feature B4 increases in intensity with increasing x. This feature has been
previously assigned as the transition of a 1s electron into the 4d states of neighboring Zr atoms.*
Overall, the intensity changes in B3 and B4 suggest that Zr*" and Ti*" cations are randomly
distributed in (Big sNags)T1,.,Zr,O3 and that there is little or no local clustering of TiOg and ZrOg

octahedra.

Information on the Zr*" cation displacement within BOg octahedra can, in principle, be

obtained from the Zr L;-edge XANES spectra (Figure 6), which corresponds to a dipole-allowed

15
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transition of a 2ps,, electron into the unoccupied 3d states. The lineshape of the Zr L;-edge has
recently been shown to be extremely sensitive to coordination environment of Zr*" cations.”
There are two major features observed in the Zr L;-edge XANES spectra of (BigsNag 5)Ti;..Zr,O3
(Figure 6a) and BaTi,..Zr,O3 (Figure 6b). In octahedral systems, these features correspond to
transitions to the #,, (lower energy) and e, (higher energy) states.*®*” Whilst the t2¢ peak appears
as a single peak, splitting of the e, peak is apparent in both series. Similar peak splitting has
been observed in the Zr L;-edge XANES spectra of PbTi; Zr,0;.* Ikeno ef al. have recently
suggested that splitting of the #;, and e, peaks in 6-coordinate zirconates can occur as a

consequence of the displacement of Zr*" from the center of the ZrOg octahedra.*’

This
suggestion is consistent with the changes in the lineshape of the e, peak observed across the
BaTi,..ZrOs series, as a consequence of changes in Zr off-centering. The e, peak becomes more
symmetrical with increasing x in BaTi,.,Zr,O3, indicating a reduction in e, peak splitting due to a
decrease in Zr off-centering. No significant changes were observed in the lineshape of the Zr L;-

edge spectra in (BigsNags)Ti;..Zr,O3 indicating that the off-center displacement of Zr*" within

the BOg octahedra is essentially independent of the Ti/Zr ratio.
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Figure 6. The Zr L;-edge XANES spectra of representative members of the a) (BigsNags)Ti;-
+Z1,03 and b) BaTi,.,Zr,O; solid solution. All spectra were collected in fluorescence mode. Due
to absorption effects, all spectra were normalized to the height of the #,, peak to highlight

changes in the shape of the e, peak

Conclusion

Our results from diffraction analysis of (Big sNag s)TiO3 are in good agreement with those
reported by Rao et al?* S-XRD analysis confirms that (BigsNags)TiOs forms both monoclinic
(space group Cc) and rhombohedral (space group R3c) phases at room temperature. We have
identified the evolutionary nature of the phase change in (BigsNags)Ti;,Zr,O3, as distinct from
the discrete rhombohedral to orthorhombic phase transition suggested previously.”®*’ The
sequence of the phase changes is Cc-R3c¢ (x=0-0.2) — R3¢ (x=0.3-0.4) — R3c-Pnma (x=0.5-0.6)
— Pnma (x=0.7), i.e., Zr doping initially stabilizes the rhombohedral phase before the
orthorhombic (space group Pnma) phase forms at x = 0.5. Although the phase changes were
obvious from the diffraction analysis, XANES analysis of (BigsNags)Ti;..Zr,O3 showed that Zr
doping has little effect on the off-center displacement of Ti*"/Zr*" cations within the BOs
octahedra. In contrast to our previous studies on zirconate pyrchores,”*>* diffraction analysis
proved to be superior in analyzing the structural changes in (BigsNags)Ti;..Zr,Os. This is likely
due to similar local distortions within the BOg octahedra in all three phases, resulting in similar
degrees of p-d hybridization. Regardless, the important implication of our work is that the
rhombohedral phase can be preferentially stabilized in (Big sNay s)TiO3; by doping the B site with

a larger cation, which has not been observed until now. A similar observation was made in our

17
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neutron analysis of (BigsNags)TiOs, where cooling resulted in increased stabilization of the

monoclinic phase. Control over the phase composition of these materials is an important step in

optimizing their electronic properties (i.e., maximizing the number of phases at the MPB).

Further investigation is required to determine if it is possible to stabilize the monoclinic phase by

chemical substitution (i.e., 4 site substitution).
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Table 1. R, Ry, and X2 values obtained from fitting the room temperature S-XRD pattern of (BipsNag s)TiOs3 to various models.

Dalton Transactions

Model R, Ryp X
3.380 4.482 1.641
Cc-R3c
3.496 4.570 1.842
Cm-R3c
Cc 3.859 5.362 2.885
Cm 5.025 7.106 4.831
R3c 4.202 5.805 3.228
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Table 2. Refined structural parameters at 298 K and 3 K, obtained from jointly refining NPD patterns for (BigsNag s)TiOs collected at 1.62 and

244 A.

298 K*
Space Group Cc R3c Cc
a(A) 9.5087(8) 5.4916(6)  9.4857(11)
b(A) 5.4829(5) 5.4916(6) 5.4730(4)
c(A) 5.5176(5) 13.4921(16)  5.5142(7) 13.4850(14)
B (degrees) 125.101(5) 125.050(6)
vV (AY) 235.35(4) 352.37(7) 234.36(5)  350.42(10)
X (%) 64.2(1.2) 35.8(2.0) 70.7(5)
Bi/Na X 0 0 0
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y Y 0 Y 0
z 0 0.253(2) 0 0.242(6)
Usso 2.25(14) 6.3(5) 1.24(12) 43(5)
X 0.2474(17) 0 0.2362(19) 0
- y 0.2442(23) 0 0.246(4) 0
z 0.7131(13)  -0.013(3)  0.6998(12)  -0.01302
Usso 0.53(9) 9.3(9) 0.24(17) 4.0(1.0)
x  -0.0056(20)  0.123(2)  -0.0186(15)  0.120(2)
o1 y 0.2004(16)  0.305(3)  0.2013(17)  0.334(4)
z 0.4762(25)  0.0833)  0.3965(17)  0.072(5)
Usso 1.21(15) 6.6(3) 0.12(16) 3.4(3)
x 0.2081(19) 0.1980(23)
02 y 0.4849(22) 0.4790(24)
z  -0.0736(16) -0.0704(33)
Usw  -0.01(13) 1.06(16)
X 0.2593(17) 0.2618(22)
03 y 0.9667(24) 0.9804(25)
z  -0.0683(18) -0.0703(33)
Uiso 1.81(24) 0.91(24)

"2 =2.65. At1.62 A, R,=4.86%, Ryp = 5.70%. At2.44 A, R,=6.58%, Ryp = 7.84%.

P> =3.32. At1.62 A, R, = 5.41%, Ry, = 6.72%. At2.44 A, R, =7.89%, Ry, = 9.44%.

Table 3. Bond Distances for monoclinic Cc form of (Big sNag 5)TiO3 obtained from the refinement of neutron data collected at 298 K and 3 K.

208 K 3K

247(14)  2.42(15)

. 2.60(8) 2.58(17)
Bi/Na-O1 2.83(8) 2.86(18)

2.93(14) 2.97(15)
Bi/Na-02 2.41(3) 2.39(6)
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2.45(3) 2.45(7)

2.99(4) 2.98(6)

3.04(4) 3.06(6)

2.44(3) 2.38(5)

. 2.52(3) 2.48(5)
BiNa-O3 5 933) 2.99(7)
2.97(3) 3.04(7)

. 1.87(12) 1.88(12)
Ti-01 1.98(12) 1.97(13)
. 1.90(1) 1.89(2)
Ti-02 2.02(1) 1.99(2)
. 1.8302) 1.86(3)
Ti-03 1.96(1) 2.01(3)

Table 4. Refined lattice parameters from S-XRD patterns for phases observed in the (Big sNags)Ti;xZr,O3 solid solution.
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Cc R3c Pnma
x a(A) b (A) c(d) B X (%) a(A) c(A) X (%) a (A) b (A) cA) X (%)
0 9.5156(2) 5.4863(2) 5.5049(2)  125.243(3) 61.5(7) | 5.48194(7) 13.5421(3) 38.5(5)
0.1 9.5872(5) 5.4961(3) 5.5078(3)  125.439(3) 35.3(5) | 5.5206(2) 13.5674(5) 64.7(7)
0.2 9.6770(4) 5.5165(3) 5.5420(4)  125.538(3) 24.0(5) | 5.5456(2) 13.6126(5) 76.0(8)
0.3 5.5787(2)  13.6630(2) 100
0.4 5.6042(2)  13.7156(3) 100
0.5 5.6316(1)  13.7794(7) 32.3(8) | 5.6455(1) 7.9793(1) 5.6012(1)  63.9(9)
0.6 5.6580(4) 13.849(2) 23(1) 5.6746(1) 8.0189(1) 5.6216(1) 77(1)
0.7 5.7036(1) 8.0535(1) 5.6422(1) 100
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of Zr-doping in
diffraction and

Diffraction measurements confirmed that
(BigsNags)TiO; exists as a mixture of
monoclinic Cc and rhombohedral R3c phases
at room temperature. Doping (BigsNags)TiOs
with a small amount of Zr*" stabilizes the
rhombohedral phase. The local structure of
Zr-doped (BigsNays) TiO; was investigated by
X-ray absorption spectroscopy.
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