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A crystal chemical study has been carried out for the ternary systems Liz0-Mz05-(M’02)2 (M = Nb, 
M’ = Ti; M = Ta, M’ = Sn), in order to characterize and delimit the extension of domains of solid 
solutions in the vicinity of LiNbOp and LiTaOS. The nature of the nonstoichiometry within these 
regions of solid solution has been found to be of a cationic excess or deficit. No evidence for anionic 
deficit has been found in this study. The ferroelectric Curie temperature Tc decreases as the composi- 
tion deviates from LiNbOX or LiTaO,. The decline in Tc has been interpreted on the basis of the 
electrostatic interactions resulting from either cationic excess or deficit. o 1986 Academic press, ILK. 

1. Introduction 

In previous studies we investigated the 
effect of tetravalent cations Mr4+ (M’ = Ti; 
Zr) on crystal chemical and ferroelectric 
properties of LiTa03 (Z-6). An interpreta- 
tion of the change of ferroelectric Curie 
temperature vs composition has been put 
forward in the case of solid solutions with 
cationic excess and evidence for tetrahe- 
drally coordinated Li+ clusters in Lit+sX 
Tat-,03 (0 d x 5 0.07) and Lil+,Tar-,Os (y 
< 0.1) has been given by the 7Li NMR tech- 
nique (5). The present study of the ternary 
systems L&O-Nb205-(TiO& and L&O- 
TazOs-(SnO& has been carried out in order 
to get more insight into the relationship be- 
tween changes in structure and ferroelec- 
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tric properties due to tetravalent cations. 
The tin system presents a big advantage, 
since the Sn4+ environment can be studied 
either by NMR or Mdssbauer spectroscopy 
techniques. 

Furthermore, Ti-doped LiNb03 is a very 
important material for optical wave guides, 
and although considerable efforts have 
been devoted to study TiO;? diffusion into 
LiNb03 single crystals, little research has 
been conducted to lead to an understanding 
of the crystal chemical driving forces of this 
interaction: stoichiometry, phase equilib- 
rium, etc. (7-15). As reported by various 
authors, the technique used for the fabrica- 
tion of these devices is TiOz diffusion into 
LiNbO,. In addition to the fact that LiNb03 
single crystals may be nonstoichiometric, 
Ti4+ cations cannot be introduced into bulk 
LiNb03 without changing its composition, 
lattice constants, etc.; as a matter of fact, 
the chemical reaction involved during this 
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FIG. 1. Typical DTA curve obtained for the compo- 
sition Li,.olsNbo.wsTio.ossOs. Tc , ferroelectric Curie 
temperature; T,, melting temperature; T,,, crystalliza- 
tion temperature. 

diffusion should be considered as a solid 
state reaction of the ternary system L&O- 
Nb205-Ti02. Therefore, deeper knowledge 
of the physicochemical properties of the 
system (in the vicinity of LiNbO3) seems to 
be necessary in order to have a better con- 
trol in the manufacture of wave guides. 

2. Experimental Procedure 

2.1. Samples Preparation 

Powder samples were synthesized by 
standard solid state techniques, using high- 
purity LizCO3, Nb205, Ta205, TiOz, and 
SnOz. The desired compositions were pre- 
pared from the appropriate mixture of start- 
ing materials. Several 12-hr heat treat- 
ments, interspersed with grinding, were 
necessary in order to obtain a pure single 
phase. The firing temperatures varied be- 
tween 600 and 1100°C for the niobium sys- 

tern, and from 600 to 1350°C for that with 
tantalum. Observation of weight loss (be- 
fore and after heat treatment) and X-ray 
analysis were used for checking of purity 
and structural characterization of the syn- 
thesized materials. 

2.2. Ferroelectric Curie Temperature 
Measurements 

In the system Li20-Ta205-(SnO&, ther- 
mal variation of the dielectric constant has 
been used to determine the ferroelectric 
Curie temperature (Tc) at the peak of E:(T) 
curve. Dielectric measurements were per- 
formed at 1 kHz with a Hewlett-Packard 
(4262A) capacitance bridge. Heating and 
cooling rates of 0.25 to l”C/min were used. 
For the L&O-Nb205-(TiOJ system, p- 
DTA technique is more appropriate than 
the dielectric one, because the particularly 
high values of Tc are accompanied by a 
drastic increase in the dielectric loss which 
did not allow accurate balance of the capac- 
itance bridge. Figure 1 gives a typical DTA 
curve obtained for the composition Liro3s 
Nbo.%5’%03@3. 

3. Results and Discussion 

3.1. Stoichiometry and Crystal Chemical 
Analysis 

Figures 2a and b show the extension of 
the solid solutions investigated for the two 
ternary systems, L&O-Nb205-(TiO& and 
Li20-Ta20&SnO&. Nonstoichiometry 
inside the two ternary diagrams has been 
followed by density measurements in the 
same manner as already described in Refs. 
(2, 6). Plots of the density variation are 
given in Figs. 3 and 4. Results obtained 
from these experiments have allowed us to 
confirm that the change in nonstoichiome- 
try (as shown in the diagrams of Figs. 2a 
and b) is identical to the one already ob- 
served in other systems, e.g., Li20-M205- 
(MO& (M = Nb, Ta; M’ = Ti, Zr) (3). As 
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FIG. 2. Domain extension (-0) of the solid solutions investigated inside the ternary systems L&O- 
M~~x-(M’O&: (a) M = Nb, M’ = Ti; (b) M = Ta, M’ = Sn. 

previously observed, within the error limits excess or deficit) as shown in Table I. 
of our experimental procedure, the oxygen Therefore, a measure of deviation from 
network is not affected by the nonstoi- stoichiometry, y, can be defined as the dif- 
chiometry which appears in these solid so- ference between the number of cations per 
lutions (nonstoichiometry due to cationic unit formula (in Table I) existing in each 

0’ 

solid solution and the number of cations ob- 
served in stoichiometric LiTaO,, for which 

2--- y = 0. ‘\. ---___ .;. The limits of the solid solutions investi- 
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FIG. 4. Typical density variation curves obtained in 
FIG. 3. Typical density variation curves obtained the system Li20-‘l‘a205-(Sn0J~, along: (a) the line F 

along the line F (LiNbOj-“NbzTir09”) in the system (LiTaO,-“Ta2Snz09”); (b) the line C (LiTaOs- 
LiZO-Nb205-(Ti02)2. (0) Experimental values; (---) “Li&tzOs”). (0) Experimental values; (---) theoreti- 
theoretical values. cal values. 
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TABLE I 

RECAPITULATIONOFTHECRYSTALCHEMICALRESULTSOBTAINEDFORTHE SYSTEMS Li20-M205-(M’Oz)Z 
(M = Nb, M’ = Ti; M = Ta, M’ = Sn) 

Region 
of the 

diagram Line 

Solid 
solution 
formula 

Ferroelectric 
Curie temperature 

(“C) of the solid 

Upper limit of x Upper limit of y solution limit 

y: Stoi- 
chiometry M=Nb M=Ta M=Nb M=Ta M = Nb M = Ta 

deviation M’ = Ti M’ = Sn M’ = Ti M’ = Sn M’ = Ti M’ = Sn 

4x 
Cationic A Lil+TMl-t.ddh 

+3 
0.05 0.07 0.04 0.056 1160 640 

excess 
Y>O B Lit+,Mt-,M;O3 +* 0.06 0.08 0.06 0.08 1130 485 

C Lit+,MI-~.+fh,O3 +2X 0.014 0.0085 0.28 0.017 II35 598 

Stoichiometty D Lit-,.W3,Mbx03 0 0.075 0.01 0 0 1140 600 
y=o 

Cationic 
deficit 

Y<O 

* 
E LLxMI-MLi203 2 0.125 0.03 -0.0625 -0.015 1020 590 

Lit-&f-(d3Nd303 
h 

F 3 0.14 0.04 -0.093 -0.026 1165 620 

G LilhMlt(d5P3 
4x 
5 0.085 0.12 -0.068 -0.0% 1140 480 

ray patterns of the sample. Trigonal space 
group R3c (hexagonal indexing) has been 
used for the interpretation of the X-ray 
powder patterns. Due to the narrow regions 
of the solid solutions and the similarity of 
ionic Ladii for Li+ (r = 0.68 A); Nb5+ (r = 
$69 A); TaS+ (r = 0.68 A); Ti4+ (r = 0.68 
A); and Sn4+ (r = 0.71 A), one does not 
expect a big change in the unit cell parame- 
ters (8). This assumption is plainly con- 
firmed by the experimental results collected 
in Figs. 5 and 6. Moreover, the introduction 
of titanium into either LiNb03 or LiTa03 
lowers their melting temperatures thus fa- 
cilitating crystal growth. In the case of line 
B (system L&O-Ta205-(TiO&), for exam- 
ple, the melting point is decreased from 
1650°C for LiTa03, to 1460°C for the com- 
position Lii.i4Ta0.s6Tit,i403 (2); along the 
solid solution D (system L&O-Nb205- 
(TiO&, the melting point is brought down 
from 1260°C for LiNb03 to 1186°C for the 
composition Li0.925Nb,,775Tio.303 (Table II). 
The melting points (TM) and crystallization 
temperatures (T,,) of some compositions 
are listed in Table II. Comparison between 
the known ternary systems, L&O-M205- 

(M’02)2 (A4 = Nb, Ta; M’ = Ti, Zr, Sn), 
suggests the following crystal chemical re- 
marks (1-3). 

(A, 
t 

s.l2J 

- 0.10 
* 

- ODS 0 0.05 Y 

FIG. 5. Variation of lattice parameters versus y 
along the solid solutions studied in the ternary diagram 
L&O-Nb205-(TiO&. 
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FIG. 6. Variation of the lattice parameters versus y 
along the solid solution Lil+,Tal-,Sn,Oj. 

-The width of the solid solution domain 
is always greater for the system involving 
TazO,, and is maximal inside the diagram 
L&O-Ta205-(Ti02)2. 

-Therefore, the LiTa03 lattice seems to 
be more appropriate for cationic substitu- 
tion than that of LiNb03. 

-The LiTa03 network appears then as a 
more rigid (“stable”) construction, with a 
greater ability to withstand the deforma- 
tions resulting from nonstoichiometry with- 
out collapse. 

3.2. Dielectric Study 

LiNb03 and LiTa are two members of 

I c 
410 -0.05 0 0.05 y 

FIG. 7. Variation of the Curie temperature vs y in 
the system Liz0-Nb20s-(Ti02)2. 

the oxide family having pronounced ferro- 
electric properties: LiNb03 has the highest 
known ferroelectric Curie temperature Tc 
= 121O“C, and among all the ferroelectric 
tantalates, LiTa03 has the highest value of 
TC = 665°C (I 7). The origin of the ferroelec- 
tricity in these displacive ferroelectrics has 
been explained by Abrahams and Keve, to 
be due to cooperative cationic displace- 
ment inside the oxygen octahedra, along 
[OOl] of the hexagonal unit cell (18). In the 
paraelectric phase, these authors have 

TABLE II 

MELTING POINTS AND CRYSTALLIZATION TEMPERATURES OF THE SOLID 
SOLUTION LIMITS IN THE TERNARY DIAGRAM L&O-NbzOS-(TiO& 

Line Formula 

Upper 
limit 
ofx 

Melting point 
of the solid 

solution limit 

Crystallization 
temperature (“C) of 

the solid solution limit 

I&+3% -w& 0.05 1212 1209 
Li,+,Nbl-,Ti,Oj 0.06 1210 1206 
Lil+xNbl-5xTi6r03 0.014 1205 1203 
Lil-xNbl-3xT&r03 0.075 1186 1186 
I&-,Nb~-,Ti~~&k 0.125 1197 1193 
Li,-,Nbl~(,n,Ti(2/,hO, 0.14 1217 1210 
Ll,-xNb1+wsP3 0.085 1234 1229 
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FIG. 8. Variation of the ferroelectric Curie tempera- 
ture vs y in the diagram Li20-Ta205-(Sn02)2. 

shown that MS+ (M = Nb, Ta) is situated in 
the center of (M06) octahedra, while Li+ is 
located in the center of a face common to 
two adjacent octahedra. The resulting 
space group for the prototype phase is R%. 

The variation of Curie temperature ver- 
sus the deviation from stoichiometry (y) for 
the solid solutions reported in this paper is 
given in Figs. 7 and 8. In all cases, ferro- 
electric Tc decreases as the composition 
deviates from LiNb03 and LiTa03. The 
decline in Tc is, however, much more 
pronounced around the regions of cationic 
excess in the systems of Figs. 7 and 8, than 
in those previously published: L&O- 
Ta20J-(MO& (M = Ti, Zr) (2,4). The crys- 
tal chemical origin of the drop in Tc along 
the lines A (LiTa03-L&O) and B (LiTa03- 
Li2Ti03) has already been clarified (5). 

The explanation of the decrease in Tc for 
the other lines in Figs. 7 and 8 should be 
sought also in the structural modification of 
LiNb03 and LiTa03 lattices to suitably ac- 
commodate all of the cations existing in the 
corresponding solid solution formula (Table 
I). In order to interpret the drop in Tc vs y, 
two regions in the ternary diagrams should 
be distinguished. 

(a) Cutionic dejicit region. Therefore, let 
us consider Fig. 9, which shows the cat- 
ionic distribution in stoichiometric and off- 
stoichiometric regions of the ternary dia- 
grams. Noting the important role played by 
Li+ displacement in the generation of spon- 
taneous polarization (Ps) it appears then, 
that their contribution to the total Ps is less- 
ened with their deficiency: when one Li+ 
cation is taken out of the lattice, simulta- 
neously the corresponding dipole moments 
should be canceled (P, = I:=, Ui = EEi 
qiri; for Li vacancies we have: q(Li+) = 0, 
and the corresponding p(Li+) = 0). Conse- 
quently, the creation of Li+ lacunae con- 
tributes to the decrease of the lattice spon- 
taneous polarization. For example, if we 
consider the creation of two Li+ (Lii and 
Liz in Fig. 9b) vacancies which are unfilled 
since we are considering the cationic deficit 
region, then the repulsive forces previously 
existing between Li, and MI, and Liz and 
M3 (M = Nb or Ta; Ti or Sn) will be re- 
moved. This cancellation will give rise to 
strong attractive electrostatic forces be- 
tween cation Ml and three adjacent oxygen 

As- y*-. 
B 4- _. . _ _. 
A,% 

VA-o-- 
B- 

3 %a-. 
A, - 
&a- 

“2.+ 

A 2- %..-. 
B, - 

“1e 

B” %a-- 
b- 

(b) 

FIG. 9. Probable cationic distribution in the ferro- 
electric phase: (a) in the case of cationic deficit, (b) in 
stoichiometric LiM03 (M = Nb, Ta), (c) in the case of 
cationic excess. 
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anion layers (B, , Al, and Bo), and between 
Mj and three adjoining oxygen layers 
AsB2A2. The expected outcome of these in- 
teractions is the recall of Ml and M3 to the 
center of their octahedral sites, which 
results again in a decreasing of both Ps and 
the noncentrosymmetry character of the 
lattice (since Ps ---, 0). According to the pre- 
vious arguments, the cationic vacancies 
should substantially contribute to making 
the network more centrosymmetric, as the 
deviation from stoichiometry (y) increases. 
This tendency toward a centrosymmetrical 
lattice, in proportion to the value of y; sug- 
gests that the rise in temperature necessary 
to overcome the ferroelectric (noncentro- 
symmetrical state) deformation should de- 
crease when y increases, and accordingly 
Tc should drop as observed in Figs. 7 and 8. 

(b) Region of cationic excess. The 
smooth decrease of TC vs y along the line A 
(LiTa03-LizO) in the system L&O-Ta,O,- 
(SnO&, was shown in a former study 
wherein to be due to the existence of Li+ 
ions in tetrahedrally coordinated clusters, 
which is qualitatively consistent with a 
value of Tc that is relatively independent of 
composition (5). Along the other lines, B 
and C for the system Li20-Ta205-(SnOJ2, 
the sharp decrease of TC can be explained 
as follows: 

-The unit cell contains more cations 
than in LiM03 (M = Nb, Ta) according to 
the formulae in Table I. 

-These cations are all contained within 
a unit cell volume which is nearly the same 
as that of LiM03, because lattice parame- 
ters change only slightly over the whole 
range of the solid solutions studied. 

-The repulsive forces resulting from the 
cationic excess should decrease the cooper- 
ative ferroelectric displacement existing in 
pure LiM03 (Fig. 9b): consider, for exam- 
ple (Fig. SC), an excess of two Li+ (L&l and 
Liz*) placed in the vacancies VO and VZ ; 
they repel strongly the neighboring cations, 
M,,, Lil , M, , Liz, and M3. The consequence 

of these repulsions will be that these cat- 
ions will be forced back to the center of 
their octahedral sites where they should 
generate a very small, if not a null, contri- 
bution to the total spontaneous polarization 
(Ps) of the lattice. 

-There is, here again, the creation of a 
cluster (where Ps = 0) which is perfectly 
integrated in the lattice structure. Thus the 
number of these clusters should increase as 
y increases, and consequently the resulting 
network should proceed toward a more 
centrosymmetric state, which is consistent 
with TC decreasing vs y as observed in Figs. 
7 and 8. 

The drop in TC between lines A, B, and C 
could be interpreted in a similar manner. 
Therefore, let us consider the compositions 
corresponding to y = 0.05, in these three 
solid solutions. Their formulas can be de- 
duced from Table I and written as follows: 

and 

(M = Nb, M’ = Ti; M = Ta, M’ = Sn). 

As one moves from line A to line B and to 
C, the total number of highly charged cat- 
ions (M+5 and M’4+) per unit formula is in- 
creasing, whereas the number of Li+ is di- 
minishing. This is equivalent to an 
overcrowding of the nearly same volume by 
the same number of cations (y constant) 
having individual charges which increase 
upon passing from line A to B and onto C. 
The outcome of this is the inevitable in- 
crease in repulsive forces between these 
cations, which will then be constrained to 
sites where their repulsions are minimum, 
i.e., centers of the octahedral sites in the 
previously described clusters. As stated 
earlier this is consistent with the decrease 
in Tc. 
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