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X-ray crystallographic studies conducted at atmospheric pressure have allowed determination of the
limits of solid solutions with LiTaQ; structure in the ternary system Li,O-Ta,0s—(WO;),. Stoichiome-
try analysis has shown that the prevailing type of nonstoichiometry of these phases is simultaneous
cationic and anionic deficits. Dielectric measurements carried out on the ceramic samples showed
a decrease in the ferroelectric Curie temperature as the composition deviates from that of pure

LiTaO;. © 1987 Academic Press, Inc.

1. Introduction

LiNbO; and LiTaO; are essential mate-
rials in the manufacture of various devices
of importance in different fields of modern
technology: optical wave guides, electroop-
tics, pyroelectric arrays, SAW IF filters,
SHG, etc. (I-16). Most of the physical
properties exploited in these practical ap-
plications are vefy sensitive to the quality
and quantity of impurities and to small de-
viations from the stoichiometry, LiMO,
(M = Nb, Ta) (I-3, 17-29). For example,
the well-known phenomenon labeled “‘opti-
cal damage’ or ‘‘photorefractive effect’
has been found to be closely related to cer-
tain types of impurities, particularly iron
cations (I, 8, 17, 26, 29-32). This optical
degradation, desirable for materials to be
used for holography and phase conjugation,
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must be prevented when these materials are
needed for nonlinear applications in the
blue-green spectral region (30). The dam-
age resistance is substantially increased if a
percentage (threshold of 4.5%) of MgO is
added to the congruent melt during the
growth of LiNbO; single crystals (17, 34—
36). Although intensive research has been
conducted in order to understand the effect
of impurities and stoichiometry deviation
on the physical properties of LiMO; (M =
Nb, Ta), only scattered results relating to
nonstoichiometry are available in the litera-
ture, except in the case of tetravalent cat-
ions M4t (M' = Ti, Zr, Sn) for which a
nearly complete study of all types of non-
stoichiometry has been published recently
(9-14, 36). We have now completed the
former study and can present a complete
view of nonstoichiometry and ferroelectric
properties in the ternary system Li,O-
Ta;05—(WO03),.
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TERNARY SYSTEM Li;0-Ta,05s-(WO»),

2. Sample Preparation

Standard solid solution techniques were
used for the synthesis of powder samples.
Materials of the desired compositions were
prepared from the appropriate mixtures of
starting materials, Li,CO;, Ta,Os, and
WOs, of analytical grade. Several heat
treatments of 12-hr duration interspersed
by grinding were necessary to obtain a pure
single phase. Firing temperatures varied
between 600 and 1250°C. All chemical reac-
tions were conducted in air, under atmo-
spheric pressure. Verification of weight
losses (before and after heat treatment) and
X-ray analysis were used for checking of
purity and structural characterization of the
freshly synthesized materials. The solid so-
lutions investigated in the ternary diagram
are represented by lines A, B, C, D, E, F,
G, H, I, and J in Fig. 1.

Ceramic samples for dielectric measure-
ments were prepared by sintering pressed
pellets at 1250°C in air under atmospheric
pressure. The disks obtained have diameter
and thickness of about 13 and 1 mm, re-
spectively. Dielectric constants were deter-
mined from the capacitance of the con-

(way,

FiG. 1. Domain extension (——]) of the solid solu-
tions investigated (line A — J) in the ternary system
LizO—TBzOs—(WO;)z. L6W = L|6W06, LW LuWOs,
LeW,:LigW,O;s; L;W,:Li,W,0,; T,W, = Ta,W,0;;
T2W3 = TazW30|4; T2W6 = Ta1W6023.

Ta,0, T, ToW; TWg
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denser prepared by deposition of silver or
gold paste on both flat faces of the pellets.

3. Analysis of the Variation of
Nonstoichiometry in the Ternary System
LizO—TﬂzOs—(WOg)z

The crystal structure of LiTaO; has been
determined by Abrahams et al. (38). It can
be described as an ordered corundum struc-
ture where 2 AI** are replaced by 1 Li* and
1 Ta’*. The hexagonal unit cell contains 18
LiTaO; units. The space groups of the fer-
roelectric and paraelectric phases are, re-
spectively, R3c and R3c.

Since the stoichiometric LiTaO; lattice
contains one cationic vacancy for each O,
set and can accommodate no excess an-
ions, only the six following possibilities of
stoichiometry change can be considered for
this structural type, assuming that the cat-
ions can only fill the octahedral sites of the
hexagonal close packed oxygen sublattice:

Oxygen sublattice undergoes no change:

(1) Same stoichiometry as in LiTaO;

(2) Cationic deficit

(3) Cationic excess

Oxygen sublattice with vacancies:

(4) Anionic deficit alone

(5) Simultaneous anionic and cationic
excess

(6) Coupled anionic and cationic deficit
Figure 2 shows the regions of the ternary
diagram where these types of nonstoi-
chiometry are located (37).

Any composition derived from LiTaO,
along the lines Li,O-(WOj),, Ta,Os5—
(WO03),, or Li;O-Ta,Os must have the
chemical formula

O +eAg"B; 905545, )]

where I and A stand for cationic and an-
ionic vacancies, respectively.

Along the line Li,O—(WOQOs), we have A =
Li,B=W, p = 1, and g = 6 while along the
line Ta,0s—(WO;), we have A = Ta,B=W,
p = 5, and g = 6. According to the crystal
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M5 05 MOy,  M05 MOz,

Lig0

M05 M'Og'2 M,05 M0z,

F1G. 2. Summary of all types of nonstoichiometry related to LiTaO; structure and their localization
in the ternary diagram Li,0O-M,0s~(M'0Os), (M = Nb, Ta; M’ = hexavalent cation). (a) Oxygen
sublattice undergoes no changes; (b) region of anionic deficit alone; (c) region of simultaneous anionic
deficit and cationic excess; (d) region of coupled anionic and cationic deficits.

structure and charge neutrality of the lat- The general formula of every solid solution
tice, the system of equations starting at LiTaO; (x = 0) and ending on
_ any point of the line Li;0—(WO3), (x = 1)
atBty=2 @) can be expressed by
pB+qy+25=6 (3)

vl pog4a TaxW ,
y =ng @) ST e G

can be derived from Eq. (1), which could 03_(((,_ Lion ;) /2),A((6_ Lon ) o) ©6)
then be written as follows: " g
Oi4aAs?, B4 0 ptan In the case of the solid solutions between
Al w1 79 37 (6‘ Tin (2“"))/ 2 LiTaO; (y = 0) and any point along the line
A ian . (5) Tag0s—(WOs); (y = 1), the chemical for-
(6“ T+n (2‘“’)/ z mula is given by




TERNARY SYSTEM Li,0-Ta;05—(WO05),

D1+ayLll—yTa n—1l+a w "o
R R

R L e

T+n

The general formulas Eqs. (6) and (7) can
describe all cases of nonstoichiometry sum-
marized in Fig. 2, and allowed for any com-
position having the LiTaO; structure, in the
ternary system. The exact crystal chemi-
cal formula of every solid solution studied
can be determined according to Egs. (6)
and (7) and from the fit of the calculated and
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measured values of the density for each
value of x and y. Table 1 gives, for example,
the crystal chemical formulas determined
from the density measurements plotted in
Fig. 3. The type of nonstoichiometry ob-
tained for these lines corresponds to the
coupling of cationic and anionic deficits,
possibility 6. In all cases we note the exis-
tence of a measurable anionic deficit, con-
trary to the results recently obtained in the
similar systems, Li;O-M,;05—(M'0,), (M =
Nb, Ta; M’ = Ti, Zr, Sn), where no evi-
dence for anionic deficit has been detected

000 002 004 006 008 % 0.0 01 0.2 03 X
< d
75 a-1
———
o-1.08
7.0 -6/5
6.5 5
0-3/2
0.0 0.1 0.2 03 X

Fi1G. 3. Typical density (d) variation curves obtained along the lines A (a), line D (b), and line E (©).
Theoretical values of density are calculated from Eq. (6), where n is equal to (3), 1, and « for lines A,
D, and E, respectively. The values of « are indicated on each corresponding plot. @, Experimental

values; ——, theoretical values.
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TABLE I

CHEMICAL FORMULAS OF LINES A, D, AND E AS
DETERMINED FROM EqQ. (6) AND Figs. 3-5,
SHOWING EVIDENCE FOR SIMULTANEOUS CATIONIC
AND lonic DEFicITS

Chemical formula of the corresponding solid

Line solution
A Ui+o.z2elicr+3.6807Ta1 - W1 282703 10.32x78 10,3207
D O +o35:Lii—0.175: 721 -+ Wo.825:03-0.1125:80. 1125+
E Dyvroaddi - Ta; -, Wo 0403 0.18:A0.18¢

within the limits of our experimental proce-
dures (4-7, 39). The existence of an anionic
deficit in the present work is supported by
the fact that many of the synthesized sam-
ples (with high values of x and y in Eqgs. (6)
and (7)) have faint to deep green or yellow
colors, while similar samples with Ti, Zr, or
Sn have the white color of LiTaO; and no
perceptible anionic deficit. This is not sur-
prising since the solid state syntheses of all
these compounds were conducted under at-
mospheric pressure (Po, =~ 1 atm). These
experimental conditions, under which tung-
sten compounds seemed to be more sensi-
tive, are probably providing a reducing at-
mosphere; and it is normal to expect
coloration of the samples resulting from ei-
ther oxygen vacancies or valence change of

5.4}
05 01
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some cations or both. It is also to be noted
that the green coloration has previously
been observed in lithium-deficient LiNbO,
by Lerner et al. and Nassau et al., who
suggested the possibility of attributing this
coloration to traces of chromium (25, 40).
We are currently conducting an ESR study
to clarify the origin of this color in samples
of the ternary system, Li,0-Ta,Os—
(WO;),. This technique has proved to be
very useful for the study of the impurity
behavior in LiNbO; and LiTaO;; extensive
research has been published in this field by
Halliburton and co-workers (4/-45).

4. Crystal Chemical Analysis

The limits of the solid solutions investi-
gated were determined by the appearance
of impurity diffraction lines in the X-ray
patterns of the samples. Trigonal space
group R3c (hexagonal indexing) has been
used for the systems. One does not expect a
big change in the unit cell parameters, both
because solid solutions extend over rela-
tively narrow regions and because all cat-
ions incorporated in the LiTaO; network
have similar ionic radii: (Li*) = 0.68 A,
ATa*) = 0.68 A, and (W5*) = 0.62 A (46).
This assumption is confirmed by the experi-
mental results plotted in Fig. 4. Along some

960
b
T, VS
240
13.76#
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13.74 |
516 |
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514 : adA
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FiG. 4. Typical variation of lattice parameters versus composition along lines E (a) Li,_Ta,-,W .0,

and B (b) Li;,7Ta,_5,W;,0;.



F16. 5. Thermal variation of ¢; for various lines: A (a) composition Li; sTag W, .03 B (b) composi-

tion Li; 14Tag.50Wo.0603 C () composition Li, g;5Tage:sWo.0603 G (d) composition Lig og; Tag.43Wo 06403 .
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TABLE 11
SoME CHEMICAL AND PHYSICAL DATA CONCERNING LINES A TO J
Max. value
Number of cations Upper limit of W cation Tc
Line Chemical formula (NC) y=NC-2 of x molar fraction (°C)
A Lil+4,Ta1Az,W,03 2 + 3x 3x 0.08 0.0357 380
B Li;. 7, Ta;_5,W;,0; 2 + 5x Sx 0.02 0.0286 370
C Li;., Ta;_5,Ws,04 2 0 0.0375 0.075 540
D Li,_7Ta, ;W03 2 — % —%x 0.25 0.1111 435
E Li,_ Ta,_,W,0; 2 —x -x 0.25 0.1429 620
F Lii_ Tai_ 723 WaszaneOs 2 - #x —$x 0.23 0.10112 607
G Lil_,Tal_(,‘m,W(g/M)xO; 2 - %%x —Hx 0.20 0.0709 538
1 Lil_,TaH,/503 2 - %x —§x 0.12 0.00 485
J Li|+xTasz/503 2 + %X +%x 0.07 0.00 640
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lines investigated, for example, line A,
there is practically no detectable change in
the unit cell parameters over the existing
domain of the solid soiution. Some chemi-
cal and physical data for lines A to J are
presented in Table II. The solid solubility of
WO; in LiTaO; was investigated by Blasse
et al., who reported the existence of a con-
tinuous solid solution with LiTaQ; struc-
ture up to 30% WO; (47). This limit is very

rlaca tn tha ana nhtainad in thic warl (Ma_
VIUODV W ULV Vllv Uvlaliivia 51 UllS WUIR (1 a

ble II). The formulas given in Table II are
those written with the oxygen stoichiome-
try fixed at O and are not intended to mean
that the oxygen sublattice has no deficien-
cies (see Tabie I); such an expression sim-
plifies comparison of these results with
those of our previous study of the systems
Li,O-M,0s—(8°'0,), -7, 39). We note
also that the most extended solid solution
of the ternary diagram, Li,O-Ta,0s—WO;,
is along the line E, for which the ratio Li/Ta
t (Table I

remaing cons<tan le 11),

remains constant Y

bl.d.lll. lldh UCUll UbUU l.U UCLCI llllllC lllU IUIIU-
electric Curie temperature (7T¢) at the peak
of the /(T) curve. Dielectric measurements
were performed on ceramic samples with a
Hewlett—Packard (4262A) capacitance
bridge. Heating and cooling rates of 0.25 to
1°C/mn were used. Figure 5 shows some
results obtained for solid solutions A, B, C,
and G. The temperature (T¢) at the peak of
each ¢/(T) curve allows plotting the varia-
tion of the ferroelectric Curie temperature
vs composition as shown in Fig. 6. This fig-

ure shows that the drop of 7.~ is much

1V SV O vimdar v Vyp VUi aC 15 iiuuia

sharper along the lines A, B, C, and D than
along E, F, and G. It is probably related to
the ratio r = (Li/Ta) since the A, B, C, and
D lines correspond to » > 1 while E, F, and

a A ¢ < 1
G correspond to r = 1.

It is also clear from Table II and Fig. 6
that line E holds the solid solution (contain-

Y r b
4NN
QT#/' Bt A
D
400} \E; N
0z ) ) i 2 ¥

FiG. 6. Variation of the ferroelectric Curie tempera-
ture vs y in the diagram Li,0-Ta;0s—(WO5),.
ing W cations) which corresponds to the
lowest decrease in T vs composition, sug-
gesting that it is probably along this line that
LiTaO0; lattice is least perturbed by the cou-
pled substitution related to this solid solu-
tion. The upper limit (Lig7sTag.75sWo.2503) of
the solid solution E is the composition of

the diagram which contains the maximum

percentage of W incorporated in the
LiTaO; network (Table II).

Summary and Conclusions

Our crystal-chemical study of the ternary
diagram Li;O-Ta,Os—~(WQ;), shows the ex-
istence of continuous solid solutions along
all the lines investigated. Unlike the results
known for similar systems with TiO,,
ZrO,, or SnO,, simultaneous cationic and
anionic deficits have been observed in the

LiTaO; network when W is introduced. Di-

alactric meacuramente nerfarmed an ce-
VICLUIIV  HLIVASUI VHIVIILS  peiiUliivi Uil W

ramic samples have shown that T¢ de-
creases in all cases, as the stoichiometry
deviates from LiTaO;.
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