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An X-ray powder diffraction study of the series Na,,,.
La,,_, Th, TiO; is presented. The series comprises orthorhom-
bic CaTiO;-type perovskites (Pnma,a ~ ¢ ~ \/ 2a,,b~2a)in
the range 0 < x < 0.083 and tetragonal La,,Li, , TiO;-type per-
ovskites (P4/mmm, a =a,, ¢ ~ 2a,) in the range 0.100 < x <
0.167. The structure of the orthorhombic members is derived
from the cubic aristotype by octahedral rotation. The degree of
octahedral rotation is relatively small (® = 4.1-7.6°), compared
to that of other CaTiO;-type perovskites. The tetragonal mem-
bers of the series exhibit partial ordering of the cations at the
A-site: the 1a and 15 sites are preferentially occupied by Na and
Th, respectively. This results in alternate layers of Na and Th
atoms perpendicular to the ¢ axis of the tetragonal cell. Ti atoms
are displaced from the center of the TiO4 polyhedra due to the
strong electrostatic repulsion effect of Th and La at the 4-site. In
contrast to previous studies, the end-member Na,,Th,,TiO; is

shown not to have a cubic cell. © 1998 Academic Press

INTRODUCTION

The family of perovskite-type titanates includes a large
number of compounds in which the 4-site may accommod-
ate alkali, alkaline-earth, rare-earth cations, Pb>*, Fe?*,
Bi**, and Th**. Some complex perovskite-type titanates
exhibit cation ordering at the A-site due to a large difference
in radius between the A-site cations (1-3) or the presence of
vacancies (4). An objective of the present work was to study
structural characteristics of the series Naj;;4.La;;,- 3y
Th,, TiO5, which comprises perovskites with A-site cations
significantly differing in both size and charge. This work was
undertaken as part of a larger study of the crystallography
of naturally occurring Th-bearing perovskite minerals and
the sequestration of actinides in perovskite-type compounds
for nuclear waste disposal. Due to the high tolerance of the
perovskite structure toward cationic substitutions, perov-
skite-type titanates may be used as a major constituent of
ceramic nuclear waste repositories (5-7).

The end-members of the solid solution series Naj,
La;,,-3,Th,,TiO3 have been synthesized by Belous et al. (8)
and Zhu and Hor (9), respectively. A simple cubic perovskite
structure (aristotype) was claimed for the Na;,,Ln;;,TiO;
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(Ln = La, Ce, Pr, Nd) perovskites (8, 10, 11). In contrast,
Mitchell (12) suggested that Na,,,La;,,TiO3 is orthorhom-
bic (Pnma), and analogous to naturally occurring Na-Ln
dominant perovskites (13). Based on the infrared spectra,
Kaleveld et al. (14) have suggested that Na;,La;,;,TiO;
displays partial ordering of the Na'* and La’* cations at
the A-site. However, according to the X-ray diffraction
studies of Kirsanov and Bazuev (10), the end-member
Nay;La;,TiO; is not ordered; but in the series
Naj,Ln, ;5 -, TiO;, perovskites do undergo cation ordering
with decreasing Na content (increasing number of va-
cancies). A double-cell cubic structure and partial ordering
of Na'™ and Th** at the A-site were proposed for
Na,;3Thy;3TiO5 (9), although a rigorous assessment of the
space group was not undertaken.

EXPERIMENTAL

Compositions corresponding to the series Najjp 4y
La;;;—3,Th,, TiO; were synthesized from stoichiometric
amounts of Na,CO3, La,03, ThO,, and TiO, (high purity
grade). The reagents dried at 150°C were mixed, ground in
an agate mortar, and heated in air for 24 h initially at
1000°C to avoid the loss of Na. After regrinding, the samples
were heated in air for 48 h at 1200°C and then rapidly
cooled in air to the room temperature. X-ray diffraction
(XRD) powder patterns of the synthesis products were ob-
tained on a Philips 3710 diffractometer (T = 20°C; radi-
ation: CuKo; 20 range 10°-145°; step A20: 0.02°; time per
step: 2s). The XRD patterns were analyzed by the Rietveld
method using the FULLPROF program (15). This program
was chosen on the grounds that it provides an option to
refine patterns composed of diffraction lines with differing
line-width parameters (see below).

Composition of the samples was determined by X-ray
energy-dispersion spectrometry (EDS) using a Hitachi 570
scanning electron microscope equipped with a LINK ISIS
analytical system incorporating a Super ATW light element
detector (133 eV FwHm MnK). EDS spectra were aquired
for 130 (live time) with an accelerating voltage of 20 kV and
beam current of 0.86 nA. The spectra were collected and
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processed with the LINK ISIS-SEMQUANT software
package. Well-characterized synthetic and naturally occur-
ring standards were employed for the composition deter-
minations: Th metal (Th), minerals loparite-(Ce) (Na, La),
and perovskite (Ti). The accuracy of this method has been
previously checked by wavelength-dispersion electron-
microprobe analysis using an automated CAMECA SX-50
microprobe, following procedures described by Mitchell
and Vladykin (16).

RESULTS AND DISCUSSION

A complete solubility was observed between the end-
members of the series Na; > La;»—3,Th,,TiO;. The XRD
patterns of both end-members and all intermediate mem-
bers (x =~ 0.0167n, n = 1-9) show predominantly diffraction
peaks of the perovskite-type phases. Minor diffraction lines
indicative of ThO, are present on some XRD patterns, but
their relative intensities do not exceed 1% of the strongest
perovskite peak. The amount of vacancies at the A-site due
to loss of Na is very small and comparable with the accu-
racy of EDS analysis (2 relative %).

In the compositional range 0 < x < 0.083, the XRD pat-
terns include several minor diffraction lines which cannot be
indexed on a simple cubic cell (Table 1). The very low
intensity of these lines and lack of obvious splitting of the
strongest diffraction lines suggest that the deviation of the
structure from aristotype is very small. Importantly, none of
the XRD patterns in the compositional range 0 < x < 0.083
shows superstructure peaks which may be indicative of the
cation ordering. Therefore, in the Rietveld refinement, we
used the structural model suggested by Mitchell (12): space
group Pnma, a ~ ¢ & \/2 a, b~ 2a,, Z = 4. In this model,
the orthorhombic derivative of the perovskite structure is
produced by a*h™b~ or ata~a” tilting (rotation) of oc-
tahedra about the three fourfold axes of the pseudocubic
subcell (17, 18). For simplicity, the a*b~ b~ rotation may be
interpreted as a combination of ¢ tilt about the b axis and
0 tilt about the ¢ axis in the orthorhombic lattice. This type
of octahedral tilt can also be interpreted as one independent
rotation ® about one of the threefold axes of the
pseudocubic subcell (19). The a*h~ b tilt is very common
among perovskites and, at room temperature, occurs in
CaTiO5; and NaMgF; (17, 20).

Figure 1 illustrates a good agreement between the cal-
culated and observed XRD patterns for x = 0. The crystal-
lographic characteristics of two orthorhombic members of
the Nay s+ Las;»-3,Th,, TiO; series (x = 0 and 0.05) are
given in Table 2, and selected interatomic distances and
bond angles for x = 0 in Table 3. The tilt angles ¢, 0, and
® were calculated from the unit-cell parameters using the
equations given by Zhao et al. (20). Compared to other
orthorhombic perovskites, the members of the Naj, .,
Laj;-3,Th,,TiOj series exhibit relatively low tilt angles,
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TABLE 1
X-Ray Diffraction Data for Na,,La,,TiO,
heokod d (A) Leae Lovs
1 0 1 3.873 2 2
0 2 0 3.871 1 1
2 0 0 2.745 24 26
1 2 1 2.742 100 100
0 0 2 2.740 22 22
1 1 2 2.337 1 1
2 2 0 2.239 13 16
0 2 2 2.236 11 13
2 0 2 1.939 38 42
0 4 0 1.938 20 21
1 4 1 1.734 1 1
1 0 3 1.733 1 1
3 2 1 1.584 18 19
2 4 0 1.582 9 9
1 2 3 1.582 20 20
0 4 2 1.582 8 8
4 0 0 1.372 5 5
2 4 2 1.371 20 21
0 0 4 1.370 4 5
3 2 3 1.226 8 8
2 0 4 1.225 3 3
1 6 1 1.225 7 7
4 2 2 1.170 2 2
2 6 0 1.169 1 1
2 2 4 1.169 1 1
0 6 2 1.169 1 1
4 4 0 1.120 5 5
0 4 4 1.120 4 4

e.g., for x = 0-0.083, ® ranges from 4.1° to 7.6, in contrast
to CaTiO; and NaMgF;, for which ® is 10.3° and 17.8°,
respectively (20,21). In the Na,,..La;,-3,Th,, TiO;
series, the rotation angles ¢, 0, and ® increase along with
x and then rapidly decrease at x = 0.083, i.e., close to the
transition point (Fig. 2).

Rietveld refinement of the XRD pattern for x = 0 using
the DBWS program (22) also demonstrates a good agree-
ment with the chosen model. The results of this refinement
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FIG. 1. Calculated (line) and observed (dots) XRD patterns and differ-

ence spectrum for x = 0.
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TABLE 2
Nayz+Lay2-3.Thy TiO3: Crystallographic Characteristics
for x =0 and 0.05 (in italic)

Atom Position X y z B (A2¢
Na (La) 4 —000228) 1/4 0.0031(8)  0.63(3)

Na (La, Th) —0.002(1) —0.001(1)  1.23(9
Ti 4b 0 0 12 0.50(3)

1.04(7)

o1 4e 0.028(1) 1/4 0.548(1)  0.53(9)
0.045(1) 0.463(1)  2.3(2)

02 8d 0241(1)  0.0242)  02582)  0.53(9)
0.234(1) —0.022(2)  0.263(2)  2.3(2)

Note. Final agreement factors and cell parameters for x = 0: R, = 14.1,
R,, =204, R =50, z*=138 a=>54736(4), b=775404), c=
5.4785(4)A; for x = 0.05: R,=147, R,, =189, R =67, z*=1385,
a = 5.4542(5), b = 7.7478(5), ¢ = 5.4704(4) A.

“ B factors are kept at the same values for all O atoms.

are comparable with those obtained in the present study.
The unit-cell parameters and final agreement factors from
the refinement using the DBWS program (Mitchell, unpub-
lished data) are as follows: R, = 12.5, R,,, = 17.9, R, = 4.9,
72 =135, a = 5.4743(4), b = 7.7492(5), ¢ = 5.4802(3) A.

In the compositional range 0.100 < x < 0.167, the XRD
patterns show the presence of broad superstructure lines
due to ordering of the cations at the A-site (Table 4). A sim-
ilar type of ordering at the A-site occurs between La** and
Li'* cations in La, 3 Lisz[] 1/3-2x1103 (2) and between
La’* and vacancies in La,;3TiO;_; (0.007 < 4 < 0.077) (4).
The superstructure lines decrease in intensity and become
broader with decreasing x. As in the series La, ;- Lis,
[(J1/3-24+1105 and SrAl,; »(Ta, Nb),,,03, the broadening of
the superstructure lines is undoubtedly related to the pres-
ence of antiphase domains (2, 23). Annealing of the end-

TABLE 3 .
Nay.Lay,; 3. Thy, TiO;: Selected Interatomic Distances (A)
and Angles (°) for x=0

x=0
A-O1 2.501 O1-Ti-O1 180.0
A-O1 2.587 2 x O1-Ti-02 76.7
A-O1 2915 2x O1-Ti-02 82.7
A-O1 2.987 2 x O1-Ti-02 97.3
2xd A-O2 2.627 2x O1-Ti-02 103.3
2xd A-O2 2.642 2 x O2-Ti-02 89.5
2xd A-O2 2.849 2 x 02-Ti-02 180.0
2xd A-O2 2.856 2 x O2-Ti-02 90.5
2xd Ti-O1 1.962 2 x 02-Ti-02 180.0
2 xd Ti-O2 1.876 Ti-O1-Ti 162.3
2xd Ti-02 2.010 Ti-O2-Ti 170.2

Note: A = Na, La.
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FIG.2. Na,,..La;;;_3,Th,,TiO;(0 < x < 0.083); variation of the tilt
angles ¢, 0, and ® with the composition.

member compound Na,;;Th,,;TiO; at 600°C for 10 days
did not have any effect on the width or intensity of the
superstructure lines. As noted above, Zhu and Hor (9)
proposed for the end-member Na, 3Th; 3TiO; a double-cell
cubic structure. However, the two possible models Fm3m
and Im3 in which a =~ 2a, may be eliminated because of
reflection-limiting conditions. Also, it is noteworthy that the
XRD patterns for x = 0.100-0.167 do not exhibit peak split-
ting typical of the ordered orthorhombic perovskites
La,;3TiO5_; (4).

For the Rietveld refinement, we used a structural model
assuming that “layers” populated predominantly by Na and
Th, respectively, alternate along one of the fourfold axes of
the cubic aristotype. The XRD patterns are best indexed in
a primitive tetragonal cell (space group P4/mmm, a = a,,
¢ x2a, Z =2). Given the significant difference in width
between the lines with [ =2n and superstructure lines
(I = 2n + 1), the patterns were refined using the two-phase
option of the FULLPROF program following the proced-
ure described by Fourquet et al. (2) with the “two” phases
defined by the same structural model and differing only in
line-width parameters. Calculated and observed XRD pat-
terns for x = 0.167 are shown in Fig. 3, and crystallographic
characteristics are given in Table 5. The cation occupancies
at the la and 1b sites refined from the XRD patterns show
that Th*™" is accommodated primarily at the 1b, while Na' *
at the la site (Table 5). With decreasing x (increasing La
content), the difference between the cation occupancies at
the two sites decreases, and the ratio (1a)yce/(1b)occ ap-
proaches unity (Fig. 4). Both 1la and 1b sites are twelve-
coordinated (401 + 802 for Na and 401 + 803 for Th),
but the Th polyhedron is smaller than the Na polyhedron
(Table 6), reflecting the difference in ionic radii of these
elements: 1.21A and 1.39A, respectively (24). The Ti**
cations are displaced from the centers of octahedra toward
the O1 atoms; the estimated cation offset is approximately
0.15A. In the series La,;-,Lis,[d1/3-,TiOs, the Ti**
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TABLE 4
X-Ray Diffraction Data for Na,,,Th,;TiO,
heoko d (A) Leae Lons
0 0 1 7.70 33 31¢
0 0 2 3.847 2 2
1 0 0 3.845 3 3
1 0 1 3.444 26 31¢
1 0 2 2.722 100 100
1 1 0 2.722 51 49
0 0 3 2.568 2 3¢
1 1 1 2.566 5 6°
1 1 2 2222 25 27
1 0 3 2.136 2 3¢
0 0 4 1.926 17 16
2 0 0 1.924 37 35
1 1 3 1.868 10 114
2 0 1 1.867 3 44
1 0 4 1.722 2 2
2 0 2 1.722 2 1
2 1 0 1.721 1 1
2 1 1 1.679 6 8¢
1 1 4 1.572 19 21
2 1 2 1.572 38 39
2 0 3 1.540 2 24
1 0 5 1.431 4 44
2 1 3 1.430 1 14
2 0 4 1.361 18 16
2 2 0 1.361 10 9
2 2 1 1.340 1 24
2 1 4 1.283 2 2
2 2 2 1.283 1 1
3 0 1 1.266 1 <1¢
1 0 6 1.218 7 7
3 0 2 1.217 8 7
3 1 0 1.217 8 7
3 2 3 1.202 1 2¢
3 1 1 1.202 1 24
1 1 6 1.161 2 2
3 1 2 1.160 3 3
2 1 5 1.148 4 44
2 2 4 1.111 8 8
3 1 3 1.100 3 3¢

“Broad line.

cations are displaced toward the O2 atoms, i.e., in the
opposite direction (2). The cation displacement in La, 3 —Lis,
O1/3-241105 (x = 0.07) estimated from data given by
Fourquet et al. (2), is 0.14 A. In both cases, the cation offset
is toward the planes occupied by low-charge cations (Na' ™"
and Li'*, respectively) and outward from the planes occu-
pied by Th** and La**. This suggests that the cation
displacement in the TiOg octahedra is driven by electros-
tatic repulsion effect between the high-charge A4-site cations
and Ti*™.

In the series Nay, . La;;;—3,Th,, TiOj3, the unit-cell di-
mensions gradually decrease with increasing X, i.e., increas-
ing Th and decreasing La content (Table 7, Fig. 5). This
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FIG. 3. Calculated (line) and observed (dots) XRD patterns and differ-
ence spectrum for x = 0.167.

compression of the structure reflects the much smaller ionic
radius of Th** (1.21 &), compared to La®* (1.36 &) (24). The
structure undergoes transition from orthorhombic to tet-
ragonal in the compositional range 0.083 < x < 0.100. At
x = 0.083, the a and ¢ parameters of the orthorhombic cell
are very close and, hence, the tilt angle 6 is very small.
Although the other component of octahedral rotation, angle
®, remains relatively high and may be extrapolated into the
tetragonal range (0.100 < x < 0.167), it does not have any
physical meaning and would merely reflect the difference
between the two unit-cell parameters. The transition in-
volves partial ordering of the cations at the 4-site due to the
significant difference in radius between Na'® and Th**.
The refined cation occupancies suggest that La®* favors the
1b site normally occupied by Th**. Although both Th**
and La®" cations are smaller than Na'*, ionic radii of the
latter two are quite similar, which could explain why the
orthorhombic members of the series Naj,4.la;,-3;

TABLE 5
Na, ;.. Lay -3 Thy, TiOs: Crystallographic Characteristics
for x =0.167
Number

Atom Position  of atoms x y z B (A%
Thi la 0.12 0 0 0 1.23(3)
Th2 1b 0.55 0 0 1/2 1.23(3)
Nal la 0.88 0 0 0 1.23(3)
Na2 1b 0.45 0 0 12 1.2303)
Ti 2h 2 12 12 023358)  0.74(6)
o1 le 1 12 12 0 37(2)
02 1d 1 12 12 12 3.7(2)
03 4i 4 0 12 0.275(1) 37(2)

Notes: Final agreement factors and cell parameters for the “two-phase”
reﬁnemenot: R, =164, R,,=113, 12 =209, a=23.8454(1), c=
7.6965(3) A. “Phase 1” (I = 2n): Ry = 6.1; “phase 2” (I =2n + 1): R; = 19.4.

“B factors are kept at the same values for all Th, Na, and O atoms.
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FIG. 4. Na;;..La;;_3,Th,, TiO; (0.100 < x < 0.167); variation of
the occupancy ratio (1a),ce/(1b)oc. With the composition.

Th,, TiO5; show no ordering at the A-site. The absence of
octahedral tilting in the structure of tetragonal members of
the series cannot be explained unequivocally. In this study,
we also tested two possible models involving both octahed-
ral tilting and cation ordering at the A-site. These included
P4/nbm (a ~/2a,, ¢ ~2a, Z=4) (Woodward, 1997,
personal communication), and P2;/m (ax~b=x \/ 2a,,
cx2a, f #90°, Z = 4). Both these models gave poorer fits
with the experimental results, compared to the above-de-
scribed P4/mmm model.

During this study, we also attempted to synthesize a K-
analogue of the Na,;3Th;,3TiO; perovskite using K,COj,
ThO,, and TiO, as starting reagents. The ordinary ceramic
technique following the procedure described above for the
Nayz+.Lay,-3,Th,, TiO5 series, and synthesis from the
melt (T = 1300°C) were employed. The examination of the
synthesis products using X-ray diffraction and EDS, indi-
cates that K,;3Th;,3TiO; does not form under ambient
pressures. Both ceramic and melt syntheses lead to the

TABLE 6
Selected Interatomic Distances (A) and Angles (°) for
Na,,Th,;TiO; and La,,;_ Li,_ TiO; (x = 0.07)

Nay3Thy 3 TiO; Lay; . Li 5 ,TiO; (x = 0.07)

4 x dNa-O1 2.719 4 xdLa-O1 2.738
8 x dNa-O3 2.857 8 xdLa-0O3 2.765
4 xdTh-02 2.719 4 x dLi-O2 2.738
8 x dTh-O3 2.590 8 x dLi-O3 2.723
dTi-O1 1.797 dTi-O1 2.083
dTi-02 2.051 dTi—02 1.806
4 x dTi-O3 1.948 4 xdTi-O3 1.939
O1-Ti-02 180.0 O1-Ti-02 180.0

O3-Ti-03 161.3 0O3-Ti-03 173.6

Note: Distances and angles for La, 3 Li;_,TiO; calculated from data
given by Fourquet et al. (2).
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TABLE 7 .
Na,,, La,,_;.Th, TiO;: Variation of Unit-Cell Parameters (A)
X a b ¢
Orthorhombic
0 5.4736(4) 7.7540(4) 5.4785(4)
0.017 5.4723(5) 7.7498(6) 5.4789(3)
0.033 5.4578(4) 7.7509(5) 5.4758(3)
0.050 5.4542(5) 7.7478(5) 5.4704(4)
0.067 5.4475(6) 7.7432(6) 5.4678(5)
0.083 5.4519(8) 7.7350(3) 5.4544(7)
Tetragonal
0.100 3.8564(4) 7.719(1)
0.117 3.8527(1) 7.7151(4)
0.133 3.8520(3) 7.701(1)
0.150 3.8494(1) 7.6963(6)
0.167 3.8454(1) 7.6965(3)

formation of cubic ThO, and monoclinic K,TigO;3 (jep-
peite). The incompatibility of K and Th within the perov-
skite structure presumably results from a large difference in
ionic radii between these two elements (24).

CONCLUSIONS

The present work confirms the existence of a complete
solid solution series between Naj,La;,TiO; and Na,;
Th,,3TiO;. Thus, the perovskite structure can accomodate
up to 46.7 wt.% ThO,, provided that the charge balance is
maintained by monovalent cations. X-ray powder diffrac-
tion study shows that the members of the series Naj;
La;;;-3,Th,, TiO; are orthorhombic (Pnma) in the com-
positional range 0 < x < 0.083, and tetragonal (P4/mmm) in

O 0O |
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FIG. 5. Nay,..La;;;-3,Th,, TiO3; variation of the unit-cell para-
meters and volume (reduced to pseudocubic) with the composition.
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the range 0.100 < x < 0.167. The phase transition occurring
between x = 0.083 and x = 0.100 involves partial ordering
of Na, Th, and La at the A-site. In the most ordered
structure (x = 0.167), 82% of the total amount of Th and
34% of the total amount of Na cations occupy the smaller
1b site. The “layers” comprising the 1a and 1b sites, respec-
tively, alternate along the c-axis of the tetragonal cell. The
orthorhombic members of the series show no cation order-
ing at the A-site, and stability of the perovskite-type struc-
ture is maintained through octahedral rotation. The data
obtained in this study indicate that difference in ionic radii is
a major factor controlling ordering at the A-site of the
perovskite structure. HRTEM studies of Na,;3Th;;3TiO;
are beyond the scope of this work, but are being undertaken
in cooperation with J. L. Fourquet.
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