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The ilmenite form of NaNbO, was synthesized hydrothermally. The ilmenite form of LiNbO; was
synthesized by ion exchanging the ilmenite form of NaNbQ,. These transform irreversibly to the stable
orthohombic form of NaNbQ, and the lithium niobate form of LiNbO, at temperatures higher than 900
K. The energetics of the transformation was studied through differential scanning calorimetry and
transposed temperature drop calorimetry. The calorimetric results show that the ilmenite form of
NaNbQ; is metastable by 5.5 (#1.3) kJ/mole and the ilmenite form of LiNbQ; is metastable by 9.8
{*4.1) k¥/mole. Differential scanning calorimetry suggests that the LiNbO, transformation occurs in
two steps. The enthalpy difference between the ilmenite and the lithium niobate structures for LiNbO,
is compared with the difference in the lattice energies of the two structures predicted by H. J.
Donnerberg, S. M. Tomlinson, C. R. A. Catlow, and O. F. Schirmer (Phys. Reuv. B 40, 11909, 1989)
on the basis of an ionic model and is in good agreement with the calculations. This small encrgy
difference lends credence to the LiNbO, defect model proposed by D. M. Smyth (**ISAF *86—Proceed-
ings of the Sixth IEEE International Symposium on Applications of Ferreelectrics,” p. 115, June 1986).
The determination of the metastability of the ilmenite form of NaNbQO; puts a limit on the tolerance

factor for the stability of the perovskite structure.

Introduction

In an ABO, compound, if the A and the B
cations are of approximaltely the same size
and small enough to occupy oxygen octahe-
dra, the compound adopts a sesquioxide
structure with either a random or an ordered
arrangement of cations. The sesquioxide
structure is formed by an approximately
hexagonal close-packed arrangement of ox-
ygens. The cations (M) occupy two-thirds
of the octahedral holes. These MOy units
share vertices, edges, and/or faces. Let the
two occupiable octahedral sites {out of three
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along the hexagonal ¢ axis) be labeled A and
B. If both sites, A and B, are occupied by
identical atoms or occupied on average
equally by the same set of atoms, the struc-
ture is disordered, with Al,O,, Cr,04, and
Fe,0; as common examples. If the octahe-
dral sites are arranged in a periodic se-
quence, an ordered sesquioxide structure
forms. There are two commen ordered ar-
rangements of the A and the B sites; AB-BA,
for which the structure is called the ilmenite
type, after the mineral FeTiO,; and AB-ARB,
for which the structure is called the lithium
niobate type, with LiNbO, as the most com-
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F1G. 1. Representation of the sesquioxide structure showing the disordered (a, corundum) and the
two-ordered (b, ilmenite, and c, lithium niobate) subfamilies of structures. The horizontal lines represent
the close-packed oxygen planes. The cations cccupy the octahedral holes.

mon example. Figure 1 shows portions of
the two ordered sesquioxide structures.
The commercial importance of LiNbQO,
is based on its electrooptic and nonlinear
optical properties. These properties are inti-
mately connected with the occurrence of
ferroelectricity in LINbO,;. Ferroelectricity
can be supported in the noncentrosymme-
tric lithium niobate type (R3c¢) sesquioxide
structure. However, the centrosymmetric
ilmenite-like (R3) structure could not possi-
bly exhibit ferroelectricity. Crystallization
of LiNbO; in a slightly different ordered ver-
sion of the sesquioxide structure would then
dramatically alter its technologically im-
portant properties. It is, therefore, of tech-
nological interest to study the stability of the
various sesquioxide forms of LiNbO;.
There is further interest in the structural
stability of various sesquioxide forms from
the point of view of defect chemistry of
LiNbO;. The common form of LiNbO; is
crystallized from a congruent melting com-
position. This composition is highly Li defi-
cient; it has Li/(Li + Nb) = 0,486 (/-3). The
Li deficiency is accommodated by cation
vacancies and cation antisite defects (4, 5).
LiNbO, can be made oxygen deficient on
reduction. It has been proposed that in con-
gruent LiNbO, the oxygen lattice is kept

intact and the nonstoichiometry is accom-
modated by changing the cation defect con-
centrations (6). Based on precise X-ray dif-
fraction data (7), the point defects in
congruent LiNbQO, have been modeled as
vacancies on Nb sites and Nb on Li sites.
Smyth (5) proposed that these complex cat-
ion defects in lithium niobate structure can
be understood by viewing them as simple Li
vacancies in the local ilmenite-type cation
stacking sequence. Figure 2 demonstrates
Smyth’s proposal schematically. The pro-

vi; Vi, N vl
LiNbO, {LiNBOy) (LiNbO,) (ilmenite) lmenite
Vv v v v v
Li Li Li Li L1
Nb Nb Nb Nb Nb
v v v v v
Li (Vi NbT} Nb Nb
Nb Nb Vgt i Li
v Vv v v v
Li Li Li Li Li
Nb Nb Nb Nb Nb

FiG. 2. Cation stacking sequences along the hexago-
nal ¢ axis of the sesquioxide structure illustrating the
defect mode! proposed by Smyth (2). The experimental
evidence suggests the defects in LiNbO; to be the ones
represented in the middle column. Smyth’s model
views them as defects in the iimenite siacking sequence
{second column from the right).



STRUCTURAL TRANSITIONS IN LiNbO; AND NaNb(Q,

proposalimplies that the energetic difference
between the two structure types, the ilmen-
ite and the lithium niobate, is small in com-
parison with defect cnergies. The case of
accommodation of a Lidefect in the ilmenite
structure would then more than compensate
for the metastability of the ilmenite-like
stacking of Li and Nb. Parameterized ionic
model calculations of Donnerberg et al. (8)
support this argument and place the meta-
stability of the ilmenite form of LiNbO, at
0.1 eV (9.6 kl/mole).

In 1985, Kumada ef al. (9) succeeded in
crystallizing and quenching LiNbO; in the
ilmenite structure, indicating that the ener-
getic difference between the two ordered
sesquioxide structures is indeed sur-
mountable, This brief paper is still the only
reported synthesis of LINbO; in the ilmenite
structurat form. It did not report detailed
chemical analysis or measure any physical
properties but is nevertheless a significant
contributton to crystal chemistry as it opens
the gates to such measurements. Here we
present the first reported study of the de-
tailed chemical and thermochemical analy-
sis of the solid solution of the itmenite form
of the NaNbO,-LiNbO; system.

The stable structural form for NaNbO, is
perovskite. 1t is believed that the difference
between the ionic radii of Na and Nb is
too large to easily form a sesquioxide (e.g.,
ilmenite} structural form of NaNbQ;. Ther-
mochemical determination of the metasta-
bility of the ilmenite form of NaNbO,; would
address the fundamental crystal chemical
question of the tolerance of the sesquioxide
structure to accommodate two cations with
very different sizes.

Experimental Methods

Synthesis of the llmenite-Type Materials

The ilmenite form of NaNbO; was pre-
pared hydrothermally from hydrated so-
dium polyniobate and sodium hydroxide.
The ilmenite form of NaNbO, was then ion
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exchanged, to replace Na with Li, to form
the ilmenite structural form of LiNbO;. Ex-
perimental details are described elsewhere
(9, 10). This paper discusses the analysis of
four different samples (pure NaNbO; +
three different batches of Li-exchanged
samples}, referred to as S1-S4. The ion-
exchange conditions for the four batches of
samples are listed here:

S1  0-hr exchange: pure NaNb(Q,
52 12-hr exchange at 573 K in a LiINO,

solution

S§3 15-hr exchange at 573 K in a LiNO,
solution

54 25-hr exchange at 573 K in a LiNO;
solution

The results of chemical analysis and the de-
tailed X-ray diffraction analysis (see below)
indicate that not all the Na was replaced by
Li even after 25 hr of ion exchange.

Chemical Analysis

A fraction {(~50 mg) of sample was dis-
solved in hydrofluoric acid and the solution
was analyzed for Na and Nb using an induc-
tively coupled argon plasma (ICP) spec-
trometer {(Perkin—Elmer ICP-6000). The
ICP peaks were converted to the elemental
concentrations by comparing them against
the peaks of elemental standards dissolved
in hydrofluoric acid and diluted to approxi-
mately match the concentrations found in
the sample. The ratio of Na to Nb was used
to estimate the amount of NaNbO; re-
maining in each batch of the Li-exchanged
sample. ICP analysis for Na was performed
on high-purity congruent LiNbQO, (sample
supplied by R. J. Holmes, Bell Labora-
tories, AT&T) to check for the background
Na contamination picked up under normal
handling and laboratory exposure.

One of the Li-exchanged samples (52)
was also microchemically analyzed in a
JEOL JXA-8600 electron microprobe.
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Nb,Os and the ilmenite form of NaNbQ,
were used as Nb and Na standards. The
sample and the standards were mounted in
epoxy, and the surface was polished to a
0.25-um finish and then coated with a thin
layer of carbon. The analysis was performed
using a 10.33-nA probe in a S-um raster
mode. It was feared that Na would migrate
under the beam giving rise to an erroneous
microanalysis. To characterize the Na drift,
a 10.33-nA probe was stationed on a grain
of NaNbQ; and the decay of the signal was
studied as a function of time. The sodium
signal decayed less than 10% in over a mi-
nute, the maximum time of the analysis.
Several different Li-exchanged NaNbQ,
grains were analyzed to obtain a statistically
significant Na content. The microstructure
of the sample was studied using a secondary
clectron detector and a backscatter de-
tector.

X-ray Diffractometry

X-Ray measurements were performed on
a Scintag PAD V automated diffractometer
using CuKe radiation. For determining the
lattice parameters, measurements were
done at a scan rate of 1° 28 per minute and
a chopper increment of 0.03° 26. Before de-
termining the peak positions, the back-
ground of the diffraction pattern was sub-
tracted and the peaks due to the Ko,
radiation were removed. The lattice param-
eters were refined using a least-squares pro-
cedure.

Calorimetry

Two types of calorimetric experiments
were performed: differential scanning and
transposed temperature drop. A Sectaram
DSC 111 TG with a silver block was used
in a horizontal configuration for scanning
calorimetry on one of the Li-exchanged
samples (S2). Calorimetry was performed
from 298 to 1073 K at a heating rate of 5
K/min. The crucible for the DSC analysis
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was of platinum. The procedure for the DSC
measurements was to scan the empty cruci-
bie, from 298 to 1073 K, three times and
average the runs to obtain the ‘‘blank™ read-
ing. The crucible was then filled with fine-
grain alumina of 99.9% purity, which was
fired at 1773 K and dried at 403 K. Three
heating scans were performed on alumina.
After the “*blank’” scan was subtracted, the
DSC power output was compared to the
heat capacity of alumina (I/) to obtain a
calibration curve., The platinum crucible
was then cleaned, dried, and filled with the
sample. The sample was subjected to two
consecutive heating cycles. Between the
two cycles the sample was kept at 1073 K
for an hour. From the DSC power outputs
the ‘*blanks’ were subtracted and the re-
sults were converted to heat capacity values
by using the alumina calibration curve. All
the measurements were performed in air.
Due to the limited amount of available sam-
ple and a large amount (~100 mg) of sample
required for a DSC run, DSC measurements
were performed on only one batch of the Li-
exchanged samples (52).

For the transposed temperature drop cal-
orimetry, high temperature Tian-Calvet-
type calorimeters operating at 977 and 1057
K were used [described in detail elsewhere
(12, 13)]. The experiments consisted of
dropping a platinum capsule containing the
sample from 295 K into the hot calorimeter.
The sample was retrieved, cooled to room
temperature (295 K), weighed, and dropped
again. The heat effect associated with each
drop experiment was measured. The heat
effect associated with the first drop con-
sisted of three contributions: the heat con-
tent of platinum, the heat content of the
sample, and the enthalpy of the irreversible
transformation (e.g., the transformation
from the ilmenite structural type to the lith-
ium niobate structural type). The heat effect
associated with the second drop consisted
of only two contributions: the heat content
of platinum and that of the transformed sam-
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TABLE 1

ICP ANALYSIS FOR THE Li EXCHANGED
NaNbQO; SAMPLES

Na/Nb NaNbQ,
Sample (w15} (mole%)
Congruent — 3153 £ 036 x 1072 Background
LINDBO; 0.14
Li-exchanged 52 361 = Q.47 14.58
NaNbQ, 53 200 =914 8.07
S4 8.93 +0.27 x 107! 161

ple. Therefore, the difference between the
heat effects for the two drops measured the
enthalpy of transformation from the meta-
stable structure to the stable structure (refer
to Table IV).

Results and Discussion

Chemical Analysis:

Table I shows the results of the ICP Na
and Nb analysis. The amount of Na detected
in congruent LiNbO; is two orders of magni-
tude lower than the levels detected in the
ion-exchanged material. Therefore, essen-
tially all of the Na in the ion-exchanged ma-
terial is a remnant from the process of ion
exchange, and not from any other labora-
tory source of sodium contamination. Using
this assumption, the atomic ratios of Na to
Nb are converted to ratios of NaNbQ; to
LiNbO,.

Figure 3 shows backscatter electron im-
ages of one of the Li-exchanged NaNbQ,
samples (S2). It has a very unusual grain
size distribution. Roughly half of the sample
is composed of particles of 5-15 um,
whereas the other half of the sample is made
up of submicrometer particles that tend to
cluster in 50- to 100-m clumps. Further-
more, most of the larger grains show stria-
tions along one of the crystallographic di-
rections. Careful examination of these
striations with the secondary electron probe
suggests that the striations are cracks rather
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than evidence of compositional variation.
No compositional variation in any of the
grains was visible in the backscatter images.
The clumps of the submicrometer particles
appear darker than the other larger particles
because the probe diameter is much larger
than some of the smaller particles of the
clumps and hence the probe excites a large
fraction of the surrounding, lower-molecu-
lar-weight epoxy, resulting in seemingly
lower average molecular weight for the
clump of submicron grains.

Table II lists the results of the Na and the
Nb microanalysis performed on one of the
Li-exchanged NaNbOQO, samples (S2). The
analysis was performed on seven larger (5-
to 15-um) grains and two submicrometer
particles, The mole percentage NaNbO, in
a grain shows a grain-to-grain variation
(from 9 to 209%). The grain-to-grain variation
of the NaNbO; content is much larger than
the statistical uncertainty of the measure-
ment (*+0.46 mole% NaNbO;). The analysis
of the two submicrometer particles is found
to be within the range of the variation found
in the larger grains albeit the overall
NaNbO; content is on the lower side of the
range. This observation could be an artifact
due to the impossibility of excluding all the
surrounding epoxy matrix from the sam-
pling volume of the electron probe. The av-
erage NaNbO, content of the sample found
by averaging the analyses of the seven larger
grains (13.49 mole%) is very similar to the
amount determined by the ICP analysis
(14.58 mole%0). As no vaniation in the atomic
mass number contrast was detected within
grains (and no separate NaNbQ, grains were
found), it is concluded that, at least on the
micrometer scale, the sample is a solid solu-
tion (Lig gNay 1, )NbO, .

X-Ray Diffraction

Na, Li, and Nb have very different X-ray
scattering factors from Fe and Ti {the cat-
ions in the standard ilmenite, FeTiO;).
Therefore, the peak intensities of the pow-



218 MEHTA ET AL.
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10 um

Fi1G. 3. Backscattered ¢lectron images of Li-exchanged NaNbQ; (see text for interpretation).



STRUCTURAL TRANSITIONS IN LiNbO, AND NaNbO, 219

der diffraction patterns of the Li-exchanged
NaNbO, look very diftferent from the dif-
fraction pattern of FeTiO, (for example, the
most intense peak of Li-exchanged mate-
rial is not visible in FeTiO,). Therefore, for
a positive structural identification of the Li-
exchanged NaNbO, as the ilmenite form of
(Li,Na)NbO,, the powder diffraction pat-
tern of the ilmenite-type LINbO, was simu-
lated using the atomic positions of Fe and
Ti (I4) as fractional coordinates for Li and
Nb. The peak positions and intensities of
the powder diffraction pattern of the Li-
exchanged material closely resembled the
simulation. The lattice parameters (for a
hexagonal cell) of the ilmenite form were
refined using a least-squares procedure uti-
lizing the actual peak positions. Table I11 list
the lattice parameters, the unit-ceil volume,
and the mole percentage Na for the four
batches of the sample. The lattice parame-
ters for the ilmenite form of samples are
in good agreement with previously reported
measurements (9, 10) for samples for which
no detailed chemical analysis was reported.
The lattice parameters of the ilmenite phase
are plotted against their analyzed sodium
contert in Fig. 4. The ion-exchanges sam-

TABLE 1

MICROPROBE ANALYSIS OF ONE OF THE
Li-ExcHaNGED NaNbO, (52)

TABLE (II

LATTICE PARAMETERS OF THE ILMENITE SAMPLES

Cell parameters in $.G.

R3 Cell

_ volume
Sample %NaNbO, a (A e (A (A%
51 100.00 5334 (1) 15.63 (1} 3853
52 14.58 5225 (1) 1438 (1) 340.0
53 £.07 5.215 () 14.37 (2) 338.4
Sq 1.6 5.213 (h 14.33 () 337.3

ples do show small variations in ¢ and ¢ (and
molar volume) with Na/(Na + Li) which, to
a first approximation, fall on straight lines
with the corresponding parameters for
NaNbQ;, ilmenite. This is a further indica-
tion that the Na in the ion-exchanged sam-
ples is in substitutional solid solution. From
the relationship of the lattice parameters to
the Na content of the sample, one can con-

5.35 T T ——T T

326 = -1

5.23 B

5.2 1 1 1 L 1

Q 0.2

Q0.4

0.6

8

1

1.2

Grain NaNbO,
No. (mole%t) 2 8D
i 10.80 0.46%
2 9.65 0.46%
3 20.42 0.46%
4 15.20 0.46%
5 13.81 0.46%
6 14,68 0.46%
7 9.90 0.46%
Average 13.49
Submicrometer particles
1 12.84 0.15%
2 11.27 0.18%

0.
Maole fraction of NaNbO‘

16 1 T T T

)
T

14 1 1 1 ]
0.2 0.2 D6 08 1

Mole fraction of NaNbOJ

2

Fi1G. 4. Lattice parameters of the ilmenite phase ver-
sus the mole fraction of NaNbO;,
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TABLE IV
THERMODYNAMIC CYCLE FOR THE TRANSFORMATION OF ILMENITE FORM oF (Li;_,Na JNbO;

Li;_,Na,NbO, (ilmenite, 295 K) — (1 — x) LiNbO; (ilmenite, 295 K) + xNaNbO, (ilmenite, 295 K)
LiNbQ, (ilmenite, 295 K} + NaNbO, (ilmenite, 295 K} — LiNbQ, (lithium niobate, 295 K) +

NaNbQ, (ortho., 295 K)

LiNbO; (lithium niobate, 295 K} + NaNbQ; (ortho., 295 K) — LiNbQ; (lithium niobate, TK) +

NaNbO, (ortho., TK)?

LiNbQ; (lithium niobate, TK) + NaNbQ; {ortho., TK) — LiNbO, (lithium niobate, 295 K) +

AH G arop ~ 4300 drop

NaNbQ, (ortho., 295 K)

Li;_Na,NbO, (ilmenite, 295 K) ——————— (1 — x)LiNb(, (lithium niobate, 295 K) + xNaNbO; (ortho.,

295 K)

@ T is the calorimeter temperature: 1057 or 977 K.

clude that the first (and the only) reported
synthesis of LINbO, ilmenite by Kumada et
al. (9) had about 4 mole% NaNbO,; in it.

The X-ray diffraction patterns of the ma-
terial recovered after the DSC runs and the
transposed temperature drops identified
them as two-phase mixtures of the lithium
niobate form of LiNbQ); and the orthorhom-
bic form of NaNbO, by comparison with the
reported diffraction pattern for those mate-
rials (JCPDS Card Files 20-631 and 33-
1270). The actual peak positions were re-
fined to give the lattice parameters for lith-
ium niobate phase as space group R3¢ (161},
a=5.14(1) A, ¢ = 13.89(5) A, and the ortho-
rhombic phase as space group Pbma (57),
a=556(1) A, b = 15.52(5) A, ¢ = 5.50(1).
The results of the X-ray analysis indicate
unmixing of Li-exchanged NaNbO; on
transformation into a two-phase mixture of
a lithium niobate form of LiNbQ, and a
perovskite form of NaNbQ,, with these be-
ing essentially pure end members.

Calorimetry

Table IV shows a thermodynamic cycle
for the transformation of the ilmenite-type
LiNb(O,—-NaNbQ; solid solution (to the lith-
ium niobate form of LiNbO, and the ortho-
rhombic form of NaNbO,) in a transposed
temperature drop measurement. The en-
thalpy of transformation for

Li,_,,Na,NbO; (ilmenite) —
(1 — x)LiNbO, (lithium niobate)
+ xNaNbO, (ortho.) (1)

at 295 K is calculated from the difference
between the heat associated with the first
and the second transposed temperature
drops. Table V summarizes the calorimetric
results for the four ilmenite samples. Each
sample lost a small fraction of its weight
on the first drop, and no further loss was
observed on the second drop. The origin of
this mass loss (and hence the volatiles) is
unknown and no thermochemical correction
was made. The observed enthalpy of reac-
tion (1) appears to vary quite strongly from
sample to sample. We call this observed en-
thalpy the enthalpy of decomposition. Note
that the enthalpy of decomposition contains
contributions, in principle, from the unmix-
ing of the solid solution and the transforma-
tion of the unmixed end members. This will
be discussed further below.

Differential scanning calorimetry (DSC)
was performed on one of the of Li-
exchanged NaNbO, samples (8§2) to obtain
an additional independent confirmation of
the enthalpy of transformation [enthalpy of
reaction (11], DSC was also used to study
the transformation pathway. Figure 5 shows
two DSC curves. The first sample run (upper
curve) began with one of the Li-exchanged
NaNbOQ,; samples (82), which was com-
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TABLE V
ENTHALPIES OBSERVED IN TRANSPOSED TEMPERATURE DROP CALORIMETRY
ON THE ILMENITE ForM oF (Li;. Na,JNbO;

Sample/ Drop Number of Average % mass Uncertainty® AH pecome”
caloric temp no. measurements loss AN (Jig) (J/g} (k)}/mole}
Si 1 4 0.35 593.59 590
1057 K 2 4 0.00 572.88 4.76 —5.46 = 1.24
52 1 4 0.60 516.68 9.08
1057K 2 4 0.00 628.09 12.32 —16.75 = 2.26
53 1 4 0.36 447.65 7.56
977 K 2 4 0.00 547.61 298 —-14.92 = 1.21
5S4 ] 4 1.46 465.59 6.53
97T K 2 4 0.00 542.35 5.46 —11.46 + 1,27

% Uncertainty is reported as two standard deviations of the mean.

b — _
AHDecomp - A111 st drop avg AH?,nd drop avg

pletely transformed to the stable form of
the material (see X-ray Diffraction under
Results). The second sample run began with
the transformed material. There were no
further observable phase transformations
involved in the second sample run (lower
curve). The enthalpy for each run was ob-
tained by integrating the heat capacity with
respect to temperature to give the enthalpy
for each run. The enthalpy associated with

the first DSC sample run, 'AH,, can be
written as

WHy= [ Cpudl
295 K
rar+ [ opar @
T

where Cp, is the vibrational heat capacity
of the ilmenite form of sample, Cp, is the

B
7
T -9
s
5 Iimenite form of
§ 11 Li-exchanged NaNbO4
-131
Transformed
i Li-exchanged NaNbO4
! 450 650 ' 850 1050
Temperature (K)

Fi1G. 5. DSC runs on the Li-exchanged NaNbO;.

The top plot is the run for the starting material and

the bottom plot is the run for the sample that has already transformed. A positive deviation from the
baseline (second sample run) indicates an exothermic transformation reaction.
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vibrational heat capacity of the transformed
form of the sample (which is mostly the lith-
ium niobate form of LiNbQ,), T is the tem-
perature of transformation, and AH; is the
enthalpy of transformation at the tempera-
ture of transformation. The heat effect asso-
ciated with the second DSC sample run,
2AH;,, can be wrilten as

1073 K

AH = Cp, dT. (3)

295 K

If the vibrational heat capacities of the two
ordered sesquioxide forms, the ilmenite
(Cpy) and the lithium niobate (Cp,), are as-
sumed to be similar, then the difference be-
tween Egs. (2) and (3) gives the overall en-
thalpy of decomposition at the temperature
of transformation, The enthalpy of decom-
position of the ilmenite form of Li-
exchanged NaNbO, (82) obtained via scan-
ning calorimetry (—14.9 + 2.0 kJ/mole) is in
good agreement with the value obtained via
transposed temperature drop calorimetry
(—16.8 = 2.3 kJ/mole). The error in scan-
ning calorimetry is estimated from the re-
producibility of the three alumina standard
runs.

Another interesting result of the scanning
calorimetry is the double-peaked nature of
the first sample run. The first and the smaller
of the two peaks corresponds to about 40%
of the heat effect and the second and the
larger peak corresponds to the other 60% of
the heat effect. Approximately 14 mole%
(15.5 wt%) of the sample is NaNbO; and the
enthalpy of transformation of the ilmenite
form of NaNbQ, (S1) is found to be —5.5
kJ/mole (whereas the observed heat effect
is 15 kl/mole). Therefore the peak due to
the NaNbO,; transformation would corre-
spond to only 5% of the heat effect. There-
fore, neither of the two peaks can corre-
spond to the NaNbQ, transformation. The
double-peaked form of the DSC run, how-
ever, can be interpreted as further evidence
of the existence of two very disparate grain
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of the Ilmenite Phase
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Fic. 6. The 295 K enthalpy of transformation of the
ilmenite form of Li;_ Na,NbO; as a function of Na
content { X} (reaction 1).

size distributions in the sample. The ilmen-
ite form of LiNbQ, is thermodynamically
unstable. It is quenchable in the unstable
form due to kinetic hindrance to nucleation
of the transformation process. It is therefore
reasonable to assume that the kinetics of
transformation is determined by the rate of
nucleation, If nucleation is heterogeneous
and begins at the free surface then the rate
of nucleation (and hence the rate of transfor-
mation} would be proportional to the tem-
perature and the specific surface area of the
material. The smaller (submicrometer—
Fig. 3} particles would have larger specific
surface area and thus would have a large
propensity to nucleate the transformation
at a given temperature. In other words the
smaller grains would transform at a lower
temperature in the DSC. The ratio of the
area under the two DSC peaks would then
be approximately proportional to the frac-
tion of the sample in the two different grain
size groups. The DSC results indicate that
approximately 40% of the sample is com-
posed of submicrometer grains, an estimate
that agrees well with the visual observations
of the sample in the electron microprobe.
The DSC measurements were not repeated
on other samples due to a limited amount of
available material.

Figure 6 shows the observed enthalpy of
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decomposition of the ilmenite form of mate-
rial across the NaNbO,-LiNbO, solid solu-
tion. The solid curve is the best quadratic
regression fit to the data and is represented
by the equation

o = —5.457x — 9.839(1 — x)
—63.24x(l — x) (4)

where x is the mole fraction of NaNbO; in
the sample, the coefficient of the first term
{—5.5 = 4.1 k}/mole) is the enthalpy of the
perovskite form (with respect to the ilmenite
form) of the NaNbO, end member, the coef-
ficient of the second term (—9.8 = 4.1
kl/mole) is the enthalpy of the lithium nio-
bate form (with respect to the ilmenite form)
of the LiNbO; end member, and the coefli-
cient of the third term of the equation (—63
=+ 18 k)/mole} is the regular solution param-
eter for unmixing of the two end members
in the ilmenite solid solution. The uncertain-
ties were estimated by imposing a 909% con-
fidence interval on the data set, A large neg-
ative (exothermic) enthalpy of unmixing
suggests that the solid solution of the two
ilmenite endmembers (i.e., the Li-ex-
changed NaNbO,; samples) could be ex-
tremely unstable with respect to unmixing.
However, the metastable ilmenite solid so-
fution was produced by ion-exchange under
conditions where the nucieation of the sepa-
rate phases was probably hindered. Unmix-
ing might proceed once temperature is
raised. The unmixed end-member composi-
tions would then transform to their stable
polymorphs (lithium niobate for LiNbO,
and perovskite for NaNbQ;). Although,
there is enough of a difference in the ionic
radii of Na and Li to expect some positive
heat of mixing, the extremely large magni-
tude of the regular solution parameter, 63
kJ/mole, is somewhat surprising.

The above analysis suggests that for the
reaction LiINbO, (ilmenite) — LiNbO, (lith-
ium niobate}, the enthalpy is —9.8 * 4.1
kJ/mole, Donnerberg et al. (8) estimated the
transformation enthalpy from the ilmenite
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to the lithium niobate form of LiNbO, to
be —0.1 eV (9.6 kJ/mole). The excellent
agreement between the experimentally de-
termined value and the estimate from lattice
cnergy calculations validates the tonic mod-
eling methods employed by Donnerberg et
al. The estimate of the metastability of the
ilmenite form of LiNbQO, also strongly sup-
ports Smyth’s (5) defect model for LiNbO,.
A small transformation energy of 10 kJ/mole
with trespect to defect formation energies of
a few hundred kJ/mole is consistent with a
defect accommodation mechanism in which
the defects are incorporated in altered cat-
jon stacking sequences to effect an over-
all energetic savings [refer to (&) for de-
tails].

Among the various sesquoxide struc-
tures, ilmenite seems to be the most com-
mon room temperature and pressure struc-
ture. At higher pressure and temperature
quite frequently the lithium niobate struc-
ture is stabilized [as in the case of MnTiO,
and FeTiO, (13, /6)]; however, LiNb(; and
LiTa0, are the only known examples of lith-
ium niobate structures stable at low temper-
ature. It is intriguing to note that the only
crystallographic difference between the lith-
ium niobate and the ilmenite structure is that
in the lithium niobate structure, the A-B
{e.g., Li-Nb) dipoles are aligned along a
crystallographic direction {(along the hexag-
onal ¢ axis of the crystal), whereas in the
iimenite structure, these dipoles are stacked
opposing each other giving the lattice a cen-
ter of symmetry (see Fig. 1). The highly
polarizable nature of the A-E dipoles in
LiNbQ,; and LiTa0, and the dipole align-
ment makes these materials ferroelectric
(the ferroelectricity cannot be exhibited in
the centrosymmetric ilmenite crystal sym-
metry.). Is it then plausible that there is a
correspondence between the high polariz-
ability of the A-B dipoles in LiNbO, and
LiTa0, and the energetic stability of the lith-
ium niobate structure for these materials?
LiTaO, has a lower Curie temperature than
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LiNbO, and hence it is less polarizable than
LiNbO,. It could be argued that if there is
a one-to-one correspondence between the
lattice polarizability and the energetic stabil-
ity of the lithium niobate structure over the
ilmenite structure, then the ilmenite phase
of LiTaO, would indeed be energetically
less stable than the lithium niobate phase;
however, it would not be as unstable as the
ilmenite phase of LINbO, is with respect to
the lithium niobate phase. Synthesis and the
measurement of the enthalpy of the ilmenite
LiTaO, would test the above hypothesis.

The ilmenite phase of NaNbO; was found
to be metastable with respect to the perov-
skite phase by 5.5 = 1.2 kJ/mole (see Table
V). The very small energetic metastability
(6 kJi/mole) of NaNbO; in the sesquioxide
(ilmenite) form over the perovskite form of
the material gives insight into the tolerance
of the sesquioxide structure for cations of
disparate sizes. One can look at this through
the distortion and the stability of the perov-
skite structure which competes with the il-
menite structure.

It is thought that the compound ABO,
crystallizes in the perovskite structure if the
A ions are large enough to form a close-
packed array with the oxygens and the B
ions are small enough to occupy the oxygen
octahedra. The ideal perovskite structure
has the cubic space group symmetry of
Pm3m. Deviations from the ideal geometric
requirements for the cubic structure distort
the lattice. A useful way of measuring the
geometrical distortion of the perovskite
structure was developed by Goldschmidt
(17) in the form of the tolerance factor, de-
fined as

t = (ry 4 o)/ 1.4140r5 + rg) (5)

where r,, rg, and ry are the ionic radii of
A, B, and O ions, respectively. As the two
cations become smaller and more compara-
ble in size the tolerance factor decreases and
the structure distorts to a lower than cubic
symmetry, If the cations are much smaller
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than the oxide fons then even distorted per-
ovskite structures become unstable. The
most probable structure for the compound
then is one of the hexagonal sesquioxide
structures.

A few of the ABO; compounds have been
crystallized in both perovskite- and ilmen-
ite-like structures, The enthalpy of the
perovskite-like structure with respect to
the ilmenite structure has been measured
for four of these compounds: NaNbO; (this
study], CdTiO, (I8, 19) CdGeO; (I8), and
MgSiO, (18, 20}. Figure 7 shows enthalpy of
the perovskite structure with respect to the
ilmenite structure (negative values means
that the perovskite is energetically more sta-
ble) as a function of the tolerance factor.
The tolerance factors were calculated based
on Shannon and Prewitt ionic radii (21, 22).
The large central cation in the two highly
distorted perovskites, CdGeO,; and
MgSiO,, was assumed to be 8-coordinated
[see Takayama-Muromachi and Navrotsky
{23). A monotonic and almost linear rela-
tionship is seen between the tolerance factor
and the enthalpy of transformation. The re-
lationship suggests that in the vicinity of
tolerance factor of 0.96 the ilmenite struc-
ture is approximately (energetically) as sta-
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ble as a perovskite structure, The empirical
relationship suggests that for a tolerance
factor lower than 0.96, an ABQO; compound
would preferentially crystallize in the ilm-
enite-like structure rather than the perovsk-
ite-like structure, at least at low temperature
where the T AS term is not important. The
perovskite structure is normally denser and
quite frequently has higher entropy than the
ilmenite structure (24). Hence quite fre-
quently for a low-temperature stable ilmen-
ite compound, the perovskite structure is
stabilized at high pressure and temperature
by its denser molar volume and higher en-
tropy.
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