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LaTaO, above 175°C is orthorhombic, space group A2,am, with a = 5.6643(1), b = 14.6411(3), ¢ =
3.9457(1), and Z = 4. It is isostructural with room temperature BaMnF,. The structure, refined by the
Rietveld powder profile analysis technique to a final agreement index of 8.6%, consists of sheets of
corner shared TaO, octahedra extending perpendicular to b, bonded to each other parailel to b by the
nine coordinated lanthanum ions. All atoms are in position (x, y, 0) with coordinates: La (0.1788,
0.1676), Ta (0.2192, 0.4141, O1 (0.4216, 0.3008), 02 (—0.0486, 0.3380), O3 (0.5614, 0.4689), 04 (0.2496,
0.9153). Orthorhombic CeTaO, and PrTa0, are isostructual.

Introduction

Compounds of stoichiometry ABO,,
where A are rare earth ions and B is
niobium or tantalum, occur in two structure
types. The niobates and al] but the La, Ce,
and Pr tantalates display a monoclinic dis-
tortion of the scheelite structure at room
temperature (I, 2). The La, Ce, and Pr
tantalates have the monoclinic LaTaO,
structure type at room temperature (3). We
suspected the presence of a phase transfor-
mation in these materials due to our obser-
vation of an orthorhombic phase of LaTaO,
on growing crystals from a molybdenum
oxide flux, and the twinning of CeTaO,
crystals on cooling from the melt (2). A
monochinic-orthorhombic phase change
was subsequently found and characterized
by high-temperature powder X-ray diffrac-
tion for all three compounds (4).

These compounds are of particular inter-

1 Present address:; Belli Laboratories, 600 Mountain
Avenue, Murray Hill, New Jersey 07974.
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est because the cerium members CeTaO,
and CeNbO, undergo rapid oxidation at
moderate temperatures (5) and form
phases in which mixed Ce3*+ and Ce*t va-
lence states occur. For this reason it has
been proposed that these structure types
might exhibit high oxygen ion and elec-
tronic conductivity. We have been able to
accommodate significant quantities of ex-
cess oxygen in both LaTa0O, and LaNbO,
by the substitution of Th#+ for La3* and
W6+ for Nb5+ and Tas*. This accommoda-
tion causes the occurrence of a modulated
structure in the niobate (6) and is appar-
ently via a solid solution in the tantalate,
Measurement of the conductivities of these
materials is presently underway and will be
reported in subsequent papers, but tenta-
tive results for the niobates do not indicate
a conductivity characteristic of fast ion
oxygen transport.

The monoclinic to orthorhombic phase
transformations in the La, Ce, and Pr tanta-
lates display significant hysteresis. The
transition temperatures on heating and
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cooling are 175/150°C for LaTaO,, 818/
729°C for CeTaO,, and 1300/1205°C for
PrTa0,. We chose LaTaO, as the model for
the orthorhombic structure type due to our
success in doping it with excess oxygen,
and its easily accessible transition tempera-
ture.

Experimental

Several attempts were made at pulling
LaTaO, from the melt (m.p. 2100°C). Al-
though boules of considerable size could be
drawn, they invariably shattered on cooling
to room temperature, independently of
cooling rate between several minutes and
several hours. We believe that the shatter-
ing occurs at the phase transition, although
we did not monitor the process in any
detail.

Small fragments could be recovered from
the shattered boules, and several of these
were studied on a precession camera
equipped with a furnace capable of attain-
ing temperatures of up to about 500°C. The
single crystal photographs at 200°C exhib-
ited the extinctions: hkl:h + k # 2n and hOI:
| # 2n, consistent with the space groups
Cmc2,, Cmcm, and C2cm. Lattice parame-
ters and systematic absences were consist-
ent with those obtained previously by high-
temperature X-ray powder diffraction.

Neutron diffraction has great advantages
over X-ray diffraction in cases where the
characterization of a low atomic number
atom such as oxygen is of interest in a
compound which also contains atoms of a
much higher atomic number. Due to the
unavailability of crystals of appropriate vol-
ume for single crystal neutron diffraction
analysis, the Rietveld powder profile anal-
ysis technique was employed to solve the
crystal structure. The sample powder was
prepared by mixing the appropriate propor-
tions of La(OH), and Ta,O; and firing at
1500°C, with intermediate grindings, until
single phase material was obtained. This
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material was then annealed at 1750°C for 12
hr to improve crystallinity.

Neutron diffraction measurements were
performed on a powder diffractometer at
the NBS Reactor, with neutrons of wave-
length 1.5416(3) A. The horizontal diver-
gence slits employed were 10 min of arc in
the in-pile collimator, 20 min in the mono-
chromatic beam collimator, and 10 min in
the diffracted beam collimator. The sample
powder was loaded into a vanadium can 1
cm in diameter which was in turn mounted
in a vacuum furnace which was maintained
at 300°C and 105 atm during the course of
the data collection. Diffracted intensities
were recorded between 26 = 5 and 124°, at
intervals of 0.05°. The diffractometer em-
ployed is equipped with five counters sepa-
rated by 20° in 2-theta.

The powder profile refinement was per-
formed via a local variation of the Rietveld
program (7) adapted to the 5 detector dif-
fractometer design and modified to allow
the refinement of background intensity (8).

The neutron scattering amplitudes em-
ployed were b(La) = 0.83, 6(Ta) = 0.70,
and h(0) = 0.58 (x 1072 cm) (9). Initial
lattice parameters were obtained by a least-
squares fit to the observed positions of 10
low-angle peaks in the powder pattern, and
initial values of the profile parameters U, V,
and W were those obtained by Santoro et
al. (10) in refinements of similar com-
pounds. Approximate values of the back-
ground parameters were obtained at posi-
tions of the pattern free from diffraction
effects. In the refinement of the final
models, all structural, lattice and profile
parameters were refined simultaneously.
The refinement was considered terminated
when all shifts were less than 0.30.

Results

Our initial model for the structure was
centrosymmetric, based on the postulated
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occurrence of nondistorted tantalum coor-
dination octahedra. Atomic positions were
determined from our knowledge of the low-
temperature structure and our model for
the phase transformation. Refinement in
the space group Cmcm resulted in an agree-
ment index, Rw, of 37%, which was consid-
ered unsatisfactory (see Table I for a
definition of Rw). Relaxation of the tanta-
lum coordination octahedra to a nonregular
shape eliminated a set of mirror symmetries
and placed the structure in the non-
centrosymmetric space group Cmc?2,.
Refinements in this space group converged
to satisfactory agreement factors, with
significant deviations of the tantalum coor-
dination octahedra from regularity. The
results indicated that LaTaQ, at 300°C is
isostructural with room temperature
BaMnF,, which has been the subject of
extensive study due to its interesting physi-
cal properties (//) and the occurrence of a
commensurate-incommensurate transition
at low temperatures (/2). In order that the
results of this study might be easily com-
pared with those of other compounds with
the BaMnF, structure type, we report our
results in the nonstandard space-group set-
ting, A2,am, which was chosen by Keve et
al. (13) to follow the labeling convention b
> a > ¢. All atoms were placed in the
special positions 4, point symmetry 1,
with coordinates of the type (x, y, 0).
Structural, lattice, and profile parameters
for the final structural model, in which
isotropic thermal parameters were em-
ployed, are presented in Table I. The agree-
ment index (Rw) for this model is 8.6%.
The x parameters of the Ta and 04 atoms
were strongly correlated. For the final
model, 36 parameters were refined: 19
structural (including the scale factor), 4
lattice (including the 26 zero point), 3
profile, and 10 background (slope and inter-
cept parameters for linear profile back-
ground for each of the 5 detectors).
Refinements employing anisotropic thermal
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TABLE 1

FINAL STRUCTURAL, LATTICE, AND PROFILE
PARAMETERS FOR LaTaO, aT 300°C

Ia. Space Group: A2.am,Z = 4
Lattice parameters a = 5.6643(1)

b = 14.6411(3)
¢ = 3.9457(1)
Atom coordinates:

Atom x y z B
La 0.1788(6) 0.1676(2) 0.0 1.37(4)
Ta 0.2192(7) 0.4141(1) 0.0 0.68(4)
01 0.4216(7) 0.3008(2) 0.0 1.06(5)
02 —0.0486(7) 0.3380(2) 0.0 0.95(5)
03 0.5614(7) 0.4689%2) 0.0 1.42(7)
04 0.2496(7) 0.9153(3) 0.0 1.92(6)
R Rp Rw Re X

7.74 6.53 8.56 4.49 1.91

where:

B 3, |I(obs) — I(calc)|
R =100 x [ S1(obs) }
_ %, [y(obs) — y(calc)| ]

Rp =100 x { Sy(obs)

_ S wly(obs) ~ y(calc)]? }”2

Rw =100 x { =Rt

N N-P+C vz
Re = 100 { g r e

where N is the number of statistically independent
observations, P is the number of parameters refined,
C the number of constraints, y the number of
counts at the angle 26, x the ratio of weighted and
expected R, I the integrated Bragg intensities, and
w the weights.

Ib. Profile parameters N-P=3780 C=0

U = 3728)
V= —.43(1)
W = .193(3)

The parameters U, V, and W appear in the equa-
tion:

H:=Utan’ 9+ Viang+ W

where H is the full width at half maximum of a
reflection occurring at the Bragg angle 26.

vibration were also attempted and are de-
scribed in a subsequent section.
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The final structure is shown in Fig. 1, a
section in the (x, y, 0) plane. The cation—
oxygen and oxygen-oxygen distances, as
well as relevant bond angels, are presented
in Table II. The tantalum ions are located
near the center of the oxygen coordination
octahedra, at an average bond distance of
1.98 A. The distortion of the octahedra
from regular shape is clearly indicated in FiG. 1. The structure of LaTaO, at 300°C.

TABLE II
BonD DISTANCE AND ANGLES, LaTaQ, a1 300°C

A. Distances

Tantalum octahedron Oxygen—oxygen
Ta-01 2.02(1) 03-01 2.58(1)
02 1.88(1) 02 2.8%1)
03 2.10(1) 02 2.92(1)
03 1.93(1) 03 2.97(1)
04 1.98(1) 04 2.76(1)
04  1.98(1) 04  2.76(1)
Avg 1.98 04 2.81(1)
04 2.81(1)
Lanthanum polyhedron 04-01 2.77(1)
02 2.83(1)
La-O1 2.39(1) 02-01 2.72(1)
02 2.81(H 01 3.05(1)
01 2.50(1) 01 2.84(1)
ot 2.501) Avg 2.7%(1) within
oz 2.5K1) octahedron
02 2.51(1)
03 2.89(1)
03 2.89(1)
04 2.72(1)
Avg 2.91
B. Angles
Tantalum octahedron Intra-octahedron
01 Ta 03 77.8 Ta 03 Ta 140.0
01 Ta 04 87.6 Ta 04 Ta 170.0
02 Ta 0Ol 88.4
02 Ta 03 98.9
02 Ta 04 94.3
03 Ta 03 95.1
03 Ta 04 85.2
03 Ta 04 91.9

04 Ta 04 170.0
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Fig. 1, and is reflected in the variation of
the Ta—-O bond distances and O-Ta-O
bond angles presented in Table II.

The octahedra share corners only, and
form sheets two octahedra wide that extend
infinitely in the a and ¢ directions. These
sheets are aligned perpendicular to b, with
alternate sheets displaced with respect to
each other by 1/2 of an octahedron along c.
Alternate sheets are held together by their
bonding with the lanthanum ions, which are
coordinated to seven oxygen ions in one
sheet and two in the adjacent sheet. The
average lanthanum-oxygen bond distance
is 2.91 A.

Finally, we note that in addition to the
distortion of the tantalum—-oxygen octahe-
dra from regularity, octahedra which share
corners to form the sheet spine parallel to a
are canted with respect to each other. This
is evidenced in the O1-O1-01 bond angle
which in an uncanted spine would be 180°
and is, in this case, 144.4°, resulting in a
more closely packed oxygen arrangement
in the sheets.

Relation to the Low Temperature Structure
and Model for the Phase Change

The low-temperature form of LaTaQ, is
monoclinic, centrosymmetric space group
P2,/c, with the unit cell parameters a =
7.651A,b =5577A,c = 78234, and 8
= 101°31’ (3). A projection of the structure
parallel to its ¢ axis is presented in Fig. 2, a
projection that allows easy comparison to
the orthorhombic form.

The tantalum-oxygen octahedra do not
change shape or dimension substantially on
cooling from the orthorhombic to the
monoclinic form. The only significant
change is a small increase in the height of
the octahedra parallel to the orthorhombic
¢ direction, and a corresponding deequal-
ization of the Ta—O4 bond distances. The
coordination of the lanthanum ions does

FiG. 2. The structure of LaTaQ, at 25°C (3).

change, however, and is intimately related
to the reorientation of the tantalum coordi-
nation octahedra with respect to each
other.

The three major reorientations which oc-
cur all involve rotation of the octahedra
through axes passing through their shared
corners: (1) the O4-04 axes of the octahe-
dra, which are parallel to ¢ and each other
in the orthorhombic form, become skew
with respect to ¢ and each other in the
monoclinic form. This effectively relaxes
the coplanar oxygen arrays at z = 0 and 1/2
in the orthorhombic form to noncoplanar
arrays. (2) a rotation of alternate octahedra
along ¢ about an axis parallel to ¢ and
passing through the shared corners (04
atoms) such that they are no longer aligned
but are rotated 22° with respect to each
other. This effectively doubles the ¢ axis.
(3) Finally, the angle of the octahedra-spine
increases from about 144.4° in the
orthorhombic form to 149° in the mono-
clinic form.

These geometrical changes in the sheets
of tantalum-oxygen octahedra result in ma-
Jjor changes in the coordination of the lan-
thanum ion. In the high temperature phase
the coordination is ninefold. In cooling
through the orthorhombic to monoclinic
transformation, two of the coordinating ox-
ygen ions in the spine of the sheets of
octahedra move significantly further away



144

and one moves closer, resulting in a de-
crease in coordination from 9 to 8. This
coordination is illustrated in Fig. 2. A com-
parison of the lanthanum-oxygen bond dis-
tances indicates a general decrease in the
average (2.64 to 2.54) on transformation.
The bonding lengths to the two oxygen ions
in the adjacent sheet do not change
significantly. The large variation in
orthorhombic to monoclinic transition tem-
peratures for the lanthanum, cerium, and
praseodymium tantalates is no doubt re-
lated to the ease with which these changes
in geometry occur. The variation is difficuit
to rationalize in terms of the rare earth ionic
radii, which change by only 3% between La
and Pr, though more complex changes have
been noted for other rare earth oxides over
similar ranges in radius (14).

The geometrical changes described
above result in a lowering of symmetry
from A2,am to P2,/c with the gain of a
center of symmetry. The monoclinic and
orthorhombic cells are related by

A mon = 12 (bonh + Corth)

A orth
Cmon = — 2c orth

bmon =

with small contractions (on cooling) in di-
mension along the orthorhombic a and ¢
axes, and a small expansion along b, the
dimension perpendicular to the sheets.
The unit cell volume does not change
significantly. The dimensional changes
result in a small decrease in the angle
between the [001] and [011] directions in
the orthorhombic and the corresponding
[001] and [100] directions in the mono-
clinic from 105.1 to 101.5°, the 8 angle.
An earlier study (4) of the variation of
unit cell parameters with temperature at
10°C intervals near the phase transition
leads us to tentatively identify the
orthorhombic to monoclinic transition as
being first order.
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Relation to BaMnF, and Other Compounds

Several compounds display structures
which are similar to that of LaTaQ,. Both
triclinic B-BiNbO, (/9) and monoclinic
NaNbO,F, (20) are similar to monoclinic
LaTaO,. Our studies indicate that these
compounds might well display transitions
to higher symmetry structures, possibly
with the orthorhombic LaTaO, structure, at
elevated temperatures.

As BaMF, compounds (where M = Mn,
Fe, Co, Ni, and Zn) have been studied
extensively, comparison to LaTaO,, espe-
cially of BaMnF, where the most careful
structural work has been done, is of great
interest. The similarity of the structures can
be seen in terms of the coordinates pre-
sented in Table III. The x coordinates of
the atoms in BaMnF, have been taken from
the work of Keeve et al. and translated
along a such that X,,, and X, are equal (the
origin of the structure is not uniquely
defined). The differences are surprisingly
small, the largest being in the y coordinates
of the Ba and La atoms. This is related to
the manner in which the Ba and La bond
neighboring sheets of octahedra to each
other. Keeve et al. in fact concluded that
barium is coordinated to 1 fluorine in the
adjacent sheet, whereas we must conclude
that lanthanum is coordinated to 2 oxygen

TABLE III

FRACTIONAL ATOoMIC COORDINATES IN BaMnF, AND
LaTaO, REFERRED TO THE LaTaQ, COORDINATE
SYSTEM AND LATTICE PARAMETERS

Atoms BaMnF, LaTaO,
Ba, La (0.173, 0.157, 0) (0.179, 0.168, 0)
Mn, Ta (0.219, 0.146, 0) (0.219, 0.414, 0)
F1, O1 (0.415, 0.298, 0) (0.422, 0.301, 0)
F2, 02 (—0.156, 0.336, 0) (—0.049, 0.338, 0)
F3, O3 (0.556, 0.465, 0) (0.561, 0.469, 0)
F4, 04 (0.235, 0.922, 0) (0.250, 0.915, 0)
a (A) 5.9845(3) 5.6643(1)
b (A) 15.098(2) 14.6411(3)
c (A) 4.2216(3) 3.9457(1)
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in that sheet. The difference in the x coordi-
nates of the F4 and O4 ions is related to the
difference in shape of the Ta and Mn coor-
dination octahedra.

The results of Keeve et al. for room
temperature BaMnF, reveal very high ani-
sotropies in the thermal motion of some of
the atoms. Table IV presents the atomic
principal mean square displacements which
we calculated from their published lattice
parameters and 8 matrix transformed to its
principal axes. Many of the thermal param-
eters are unusually large for a structure at
room temperature. Anisotropies in mean
square displacements of a factor of 4 are
large, but not anomalous. The anisotropy
ratios of 9.32 and 71.6 for the F4 and F3
ions, respectively, however, especially in
connection with one very small principal
mean square displacement for F3, are indic-
ative of peculiarities and perhaps disorder
in the structure.

We tested for the presence of anisotropic
thermal vibrations in LaTaQ, with the pow-
der profile refinement. With all atoms al-
lowed to be anisotropic, 18 structural pa-
rameters were added to the refinement and
Rw dropped from 8.56 to 7.2. Three of the
six atoms were then determined not to be
significantly anisotropic. In the refinement
in which only the La, Ta, and O4 atoms
were taken as anisotropic the Rw dropped
to 7.3%. The thermal parameters for this
model are presented in Tables V, along
with the principal mean square displace-

TABLE IV

PriNncIPAL MEAN SQUARE DISPLACEMENTS IN
BaMnF, AT RooM TEMPERATURE

Maximum
Atom MSD(1)A? MSD(2)A? MSD(3)A? anisotropy
Ba 0.0376 0.0132 0.0093 4.04
Mn 0.0179 0.0106 0.0089 2.01
F1 0.0316 0.0298 0.0073 4.33
F2 0.0315 0.0217 0.0198 1.59
F3 0.0599 0.0451 0.00084 71.6
F4 0.0758 0.0354 0.0081 9.32
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ments and anisotropy ratios. The anisotro-
pies for La and Ta are larger but compara-
ble to those reported for Ba and Mn in
BaMnF, . On the other hand, only the O4ion
displays an anomalously high anisotropy
coupled with one very small principal mean
square displacement.

It was initially believed that these ther-
mal parameters might be indicative of the
presence of static disorder. A stacking
fault, for instance, in which some fraction
of the crystal retained the alternating skew
octahedra parallel to ¢ characteristic of the
monoclinic form to high temperatures
might show as anomalous thermal parame-
ters in the structural refinement. To test
this hypothesis, the atom positions for a
stacking fault actually suggested in the dis-
cussion of the BaMnF, structure by Keeve
et al. were generated from the final posi-
tional parameters obtained for LaTaO, by
reflection of the positions across mirror
planes perpendicular to a and passing
through the Ta atoms. The refinement of
the percentage of such stacking faults was
stable and their number was found not to be
significantly different from zero. We feel
justified, therefore, in rejecting the possibil-
ity of stacking faults of this type in LaTaO,
at 300°C.

The highly anisotropic vibrations might
be explained in terms of possible phonon
modes of the structure. Oscillations of the
corner linked Mn or Ta coordination octa-
hedra about axes parallel to ¢ and through
their centers would account for the se-
verely flattened thermal elipsoids observed
for the F3 atoms in BaMnF,, and oscilla-
tions of the octahedra about axes perpen-
dicular to ¢ for the severely flattened elip-
soids of the F4 and O4 atoms in both
BaMnF, and LaTaQ,. Similar anisotropies
have been observed for the anions in the
corner-linked octahedra in CsPbCl; (15),
which has the perovskite structure. In that
case, the oscillations of the PbCl,; octahedra
have been related to soft phonon modes
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TABLE Va
THERMAL PARAMETERs: LaTaO, AT 300°C, THREE ANISOTROPIC ATOMS
Bor B
Atom B11 B22 B33 B23 equiv. B isotropic model
La 0.37(6) 2.24(8) 1.64(8) -0.33(8) 1.42 1.37(4)
Ta 0.30(7) 1.06(10) 0.45(9) —0.08 0.60 0.68(4)
01 1.02(4) 1.06(5)
02 1.08(4) 0.95(5)
03 1.67(5) 1.42(7)
04 0.14(8) 2.70(12) 3.01(14) 0.48(11) 1.95 1.92(6)

which drive a structural phase transition.
BaMnF, has also been shown to exhibit soft
mode behavior near its structural phase
transition (/2). These considerations lead
us to interpret the disorder implied by the
thermal parameters in LaTaO, at 300°C and
BaMnF, at room temperature as being re-
lated to the actual thermal motion of the
atoms. We believe that the atomic motions
are likely to be severely anharmonic in both
compounds. Due to the limitations of the
powder data, we were unable to test this
hypothesis for LaTaO,.

Doubling of the magnetic unit cell has
been observed in orthorhombic BaCoF,,
BaMnF,, BaNiF,, and BaFeF, at low tem-
peratures, in both the » and c¢ directions
(12, 16, 17, 18). This has been attributed to
oppositely directed magnetic moments
along a in BaCoF,, b in BaNiF, and
BaFeF,, and 9° from b in BaMnF,. The
additional magnetic reflections at (k, & +

TABLE Vb

PRINCIPAL MEAN SQUARE DISPLACEMENT IN
LaTa0, AT 300°C, ANISOTROPIC ATOMS

Maxi-
mum

Atom MSD(1) A? MSD(2) A? MSD(3) Az anistropy
La 0.0302 0.0189 0.0047 6.37
Ta 0.0136 0.0056 0.0038 3.57
04 0.0426 0.0298 0.0017 24.4

0.5, 1 + 0.5) require the assignment of the
monoclinic space group P2,. This recipro-
cal lattice is identical to that in mono-
clinic LaTaO, except for a small angular
distortion and the presence of reflections
with !/ odd on one zero level ((0kl) in the
orthorhombic-based cell) due to the ab-
sence of a glide plane. The neutron dif-
fraction data on the BaMF, compounds at
low temperatures apparently do not sug-
gest that the » and ¢ axis doublings are
related to the relaxation of the orienta-
tions of the MX; octahedra as they are in
LaTaO,.

BaMnF, undergoes a commensurate to
incommensurate phase transition at 247°K.
Neutron diffraction studies (/2) have
shown that the incommensurate phase is
characterized by additional reflections at
points in reciprocal space which are multi-
ples of (0.39, 0.5, 0.5). We have very care-
fully inspected the powder pattern for
LaTaO, at 300°C and have observed no
incommensurate reflections. A physical
picture of the incommensurability along a
in BaMnF, has not yet been proposed. It is
indeed difficult to do so based on the rela-
tionship between high and low temperature
LaTaO,, except that is might be related to
either the straightening or kinking of the
angle in the spine of the sheets of octahedra
parallel to a, or relaxations or rotations of
the octahedra of the type that have been
described here.
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Conclusions

Our neutron diffraction powder profile
analysis of LaTaQ, at 300°C has shown it to
be isostructural with room temperature
BaMnF,. Based on the great similarity in
lattice parameters and X-ray powder dif-
fraction patterns we can conclude that the
orthorhombic phases of CeTaO, and
PrTaO, have the same structure. Several
of the atoms display strongly anisotropic
and probably anharmonic thermal mo-
tions. Despite the great similarities be-
tween the structures of the orthorhombic
LaTaO, and BaMF, type compounds,
they apparently undergo transitions to dif-
ferent structures at low temperatures.
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