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Synopsis

. x| o —_ i
Elastic constants C C c and C66 (C11 Clz)/z in

11’ 33’ 44

single-domain (SD) and multi-domain (MD) Li’I’aO3 and LiNbO3 crys-
tals have been measured over the temperature range from 300 to
above 980 K using the ultrasonic phase~compariscn method.
Dielectric susceptibilities Xas and conductivities Og3 in ferro-
electric (FE) and paraelectric (PE) phases, and X141 and 0y UP to
1200 K have been determined in the freqguency range between 10 kHz
and 13 MHz using the impedance analyzer.

The phase-comparison method was improved so that automatic
velocity measurements could be made at temperatures up fo 1200 K.
A series of grooves was cut around the lateral surface of the
fused-silica buffer rod to scatter unnecessary reflections.

Silver paste was used as the bond between the rod and the sample

over the wide temperature range.

Effective elastic constant Cii (i=1,4 and 6) for the MD
LiTaO3 crystal is higher than constant-field elastic constant C?i
for the SD ecrystal, while Cé3 for the MD LiTaO3 and LiNbO3 crys-—
tals is egqual to Cgs, which is lower than constant-polarization
elastic constant Czs for the SD <crystals. These results are
asc:ibed to the piezoelectric effect. Constant—-stress suscepti-

bility Xim is obtained from the value at fregquencies up to 1.5

MHz, while constant-strain susceptibility xim is obtained from

the values at 10 and 13 MH=z.

The elastic—constant difference C?i—C?i and the inverse-
‘ s aq s . x -1 X -1 R
susceptibility difference (xmm) —(xmm) are interpreted



consistently, based on the interaction between strain x and po-

larization P. Electrostrictive interaction qu2 is inadequate to
. P E x -1 X ,-1
explain the temperature dependence of Cii Cii and (xmm) (xmm) .
. . . 4 . P E
Higher-order interaction rxP contributes to c,,—C and

33 733

-1

(x§3)—1—(x§3) The contribution of rxp? may result from the

anharmonicity in soft phonon.
Constant-stress susceptibilities x§3 in the FE and PE phases

of LiTaO3 and LiNbO3 obey the Curie-Weiss behavior. The results

for X33 indicate that these crystals undergo nearly second-order

phase transition at Curie temperature TC of 880 K and 1410 K,

respectively.
Both X33 and O43 in LiTaO3 show a marked dispersion over the

wide temperature range, including TC. The elastic-constant dif-

§3—C§3 for LiTaO3 exhibits drastic change between 780 K

which is attributed to the dispersion of Xa3 at high tem-

ference C

and TC,

peratures. Susceptibility X33 in the PE phase of LiNbO3 exhibits
the dispersion in the frequency range from 1 MHz to 13 MHz, al-

though its difference due to frequency change is far less than

that for LiTaOS. A conmparison of these observations with the

light—-scattering results suggests that the soft mode couples with

the low~frequency relaxation process near TC' The dielectric

dispersion may arise from the motion of Li ions or vacancies.

A

The results for Cii and Xom suggest that the phase transition in

LiTaO3 and LiNbO3 has an intermediate character, between dis-

placive and order-~-disorder categories.



§1 Introduction

Lithium tantalate (LiTaOs)

known to possess unique piezoelectric, electro-optic and non-

1)

linear optical properties.

and lithium niobate (LiNbOs) are

These 1isomorphic materials are
applicable as large single crystals and are currently exploited
for surface acoustic wave (SAW) devices.z)

Lithium tantélate and lithium niobate undergo only a single
structural phase transition, from the low-temperature ferro-
electric (FE) phase to the high-temperature paraelectric (PE)
phase at Curie temperature %: of 880 K and 1410 K, respectively.
The FE phase has a crystal structure with the R3c space group
symmetry and the PE phase with the centrosymmetric space group
R3c. The crystal structure and optical properties of these
materials have been studied extensively to elucidate the mecha-
nism of the phase transition. In particular, the existence of

soft-phonon ﬁodes in LiTa0. and LiNbO3 has been discussed on the

3

1,3-5)

analogy of the situation in the perovskites. It has Dbeen

established that the ferroelectric phase transitions in
perovskites are associated with an instability of the crystal

against a transverse optic mode, whose frequency varies as

0.5 1,6-8)

(T—TC) Comnpared with perovskites, there is still con-

siderable uncertainty concerning the characters of +the phase

transition in LiTaO3 and LiNbO3. This may be primarily owing to

considerably high Curie temperatures, which induce technical dif-

ficulties in the experimental investigation.

9-12)

In 1966, Abrahams et al. carried out a series of inves-

tigations on the room temperature crystal structure of LiTaO3 and



LiNbOS, both by x-ray and neutron diffraction. As shown in Fig.
l1(a), it consists of a sequence of distorted oxygen octahedra
joined by their faces along the polar trigonal axis. In the FE
phase, the distorted octahedra contain, in sequence, Ta or Nb
atoms, vacancies and Li atoms. At room temperature, the Ta or Nb
atom is displaced along the polar axis from the center of its
octahedron and the Li atom is displaced along the polar axis from
' 13)

the shared face. Moreover, Abrahams et al’ performed x-ray

diffraction measurement on polycrystalline LiNbO up to 1473 K,

3
and found that the Nb atoms approach the center of the octahedra
with increasing temperature. Thus, they proposed the PE crystal
structure in which +the Li atoms move into the nearest oxygen
lavers and the Nb atoms are located at the center of adjacent
oxygen layers, as shown in Fig.1(d).

In 1967, Barker and Loudon3) investigated the optical

phonons in LiNbO3 by measurements of Raman scattering and infra-

red reflection. They interpreted that the phase transition in
LiNbO3 is driven by the instability of an A1 mode, based on the
group theory analysis and the crystal structure determina-

9-13) 4)

tions. Johnston and Kaminow

studied the Raman spectra in
LiTaO3 and LiNbO3 as a function of temperature up to 1100 K.
They observed that the frequency of this Al mode varies approxi-
mately as (TC-T)O’5 over the wide temperature range. In view of
these results, the phase transition in the two crystals is

regarded as the displacive category.

14)

In 1973, Abrahams et al. made neutron scattering



measurements on single-crystal LiTaOS. both in FE and PE phases.
From the neutron results, they deduced that Li atoms above TC
occupy two equivalent positions, on either side of the oxygen

plane with equal probability, as indicated in Fig.1(b). Below T

C I
the Li atom position was found to remain practically invariant as
a function of temperature. Samuelsen and Grandés) studied the

temperature dependence of elastic neutron scattering from two

reflections in LiTa0O, below T, and have explained the spontaneous

3 o
polarization in terms of the gradual ordering of Li atoms as the
temperature decreases. Chowdhury et al{s) investigated the

phonon dispersion curves in LiNbO_, by inelastic neutron scatter-

3

ing. They reported that there is no evidence of the softening of

the A, mode at temperatures up to 0.6T

1 Thus, the neutron scat-

c
tering results support the concept that the phase transition in
LiTaO3 and LiNbO3 has the order-disorder character involving the

Li atoms.

Recently, the soft-mode behavior was re—-examined by 1light

17-21)

scattering measurements. In the case of LiTa0O,, Penna et

3

al.17'18)

reported the diffusive central mocde in the Raman
spectra and anomalous polarition dispersion curve. They suggest-

ed that +the dynamical domain fluctuations occur below q: in

LiTaO3. Muller et al}g) deduced the temperature dependence of

soft-mode frequency in LiTaO, from infrared reflectivity data and

3
found that soft—-mode frequency remains finite in the vicinity of

TC' They interpreted the results as the crossover from dis-

placive to order-disorder character. In 1985, Okamoto et al?o)



measured the Raman spectra in LiNbO,_, and found that the soft mode

3

becomes overdamped and couples with the relaxation process at

temperatures far lower than T A similar conclusion has been

c*

21)

obtained from the Raman spectra in LiTaO, by Zhang and Scott.

3

Elastic anomalies, associated with structural phase transi-

tions, have been examined by the acoustic—-resonance at the kHz

range, ultrasonic velocity measurements at the MHz range and
Brillouin-scattering at the GHz range. These techniques vield
constant-field values of elastic compliance S?J or sfiffness C§J
for piezoelectric materials, because the order parameter can
follow their elastic strain. Constant-polarization elastic-

constant C?j represents the elastic response at high frequencies,

when the order parameter is unable to follow the strain. Yamada

22)

et al. determined the constant-field elastic compliance S?. in

J

LiTaO, as a function of temperature up to T using the acoustic-

3 C
resonance technique. They did not observe anomalous temperature
dependence of S?j associated with the phase transition.
. 23) E P .
Avakyants and Kiselev measured C11 and C33 of L1Ta03 up to 973

K using Brillouin scattering. They failed to identify the phase

transition from the anomalies in sound velocities near T presu-

C I
mably because the experimental error of 1 % was too large. On

the other hand, the elastic-property data on LiNbO3 were limited

24)

in the temperature range far lower than T Yamada et al. ob-

c
served that S?j in LiNbO3 increases linearly with increasing tem-—

perature up to 473 K. The extension of elastic-constant measure-

ment to temperatures as high as possible was needed in order to



explain the elastic behavior in relation to the phase transition.

Dielectric constants sii in piezoelectric materials can be
measured under two different conditions. Constant—-stress
dielectric constant E?i is determined at frequencies of the order
of 100 kHz, where the strain can follow the electric fields.
Constant-strain dielectric constant 5?1 is obtained at fregquen-

cies of the order of 10 MHz, where the strain is unable to follow

the fields. Glasszs) and Yamada et al?z) reported the tempera-
ture dependence of constant-stress dielectric constant 5§3 in
both FE and PE phases of LiTaOS. The low-frequency dielectric

data indicated that +the phase transition in LiTa% is of the

6)

second order. Recently, Prieto et al.2 measured the frequency

dependence of dielectric constant 533 in the PE phase of LiTaO3
up to 20 kHz and concluded that defects contribute to the low-

frequency dielectric dispersion. In the case of LiNbOS, dielec-

tric-constant measurements were limited in the temperature range

below TC. Nassau et al?Y) measured Eii in LiNbO3 at 100 kHz as a
function of temperature up to 1220 K. Ohmachi et a1.28) reported
the dielectric constants in LiNbO3 at 9 GHz up to 573 K. In
order to <clarify the phase-transition mechanism, it appears

desirable to determine both constant-stress and constant-strain
dielectric constants in LiTaO3 and LiNbO3 over a wide temperature
range, including the Curie temperature.

The interaction between acoustic and optic soft modes gives

rise to both elastic-constant difference (:P —CE and inverse-

ij 7ij

dielectric-susceptibility difference (x?i)_l_(xﬁi)‘l. 29-31) The



interaction is expressed in terms of powers of strain x and order
parameter P. In LiTa03 and LiNb% ., the piezoelectric coupling of
the form axP is forbidden by symmetry in the PE phase. The low-
est-order interaction in the PE phase of these crystals is then
the electrostrictive coupling of the form quz. In the absence
of the polarization fluctuation effects, both elastic constant
and dielectric susceptibility are frequency independent in the PE
phase. In the FE phase, the piezoelectric interaction is induced

by the spontaneous polarization Ps along the Z axis. Temperature

P B x -1 X -1
dependencg of (:ijfcij and (xii) ,—(xii)
expected to be explained on the basis of Landau's phenomenologi-

29-31)

in the FE phase is

cal theory.
The connection between the constant-strain susceptibility

and- the soft-mode fregquency is predicted by the Lyddane-Sachs-

6)

Teller relationship. It is, therefore, highly desirable to

investigate the susceptibility x?i in both phases of LiTaO3 and

L1Nb03.

In order-disorder ferroelectrics, dielectric dispersion
near TC occurs at low fregquencies and is described by the Debye
relaxation. In displacive ferroelectrics, the dielectric

dispersion is observed at infrared frequencies and is described

by the damped harmonic oscillator. Based on the Raman results

4)

reported by Johnston and Kaminow . dielectric susceptibility X33

in the PE phase of LiTaO,_, and LiNbO3 is expected to be indepen-

3

dent of frequency, up to the MHz region.



The present paper32—36) gives the experimental results for

E P E E _,.E E . .
11’ 033, C44 and C66-(C11 Clz)/2 in single

domain (SD) LiTa% and LiNbO3 crystals and corresponding effec-

elastic constants C

tive constants Cii in multidomain (MD) crystals in the tempera-
ture range from 300 to above 980 K, using the ultrasonic phase-
comparison method. Furthermore, dielectric susceptibilities X33

and conductivities 033+ both in FE and PE phases, and Xq1 and 041
up to 1200 K are presented in the frequency range between 10 kHz
and 13 MHz, using the impedance analyzer. Full knowledge regard-
ing the temperature dependence of elastic and dielectric con-
stants 1is needed for an understanding of the phase-transition
mechanisnm. The present study has been undertaken in the hope of
obtaining the information concerning the coupling between optic
and acoustic phonons, the dielectric constants connected with
optic phonons, and the dielectric dispersicn.

The experimental procedures and results are described in §2

and 83, respectively. In §4, the phenomenological expressions
P E b4 -1 X -1 . .
for Cii—Cii and (xii) (xii) in these crystals are derived
from the interaction, 1including the electrostrictive and the
higher-order coupling. In 85, the experimental results are ana-
lyzed, using the equations given 1in §4. In §5, the temperature

-1 . . .
is discussed in rela-

dependene of inverse susceptibility (x§3)
tion to soft-mode frequency, determined by the light-scattering
measurements. In addition, the observed dielectric dispersion is

conmpared with the soft—-mode behavior. The conclusion reached in

this study is presented in §6.



§2 Experimental procedures
2-1 Sample preparation

Curie temperatures and lattice parameters for LiTaO 3 and

LiNbO3 were reported to change as a function of the melt composi-

tion from which they are grown§7'38) As 1is clear in the phase

diagram shown in Fig.2, the LiNbO3 crystal, solidified from the

raw materials with the stoichiometric composition, deviates

37)

significantly from the stoichiometry. This means that crys-

tals, grown from stoichiometric composition, have inhomogeneous

38) Similar

composition along the direction of the crystal growth.
behavior was observed for LiTaO3 crystal. Therefore, samples
used for tThe present investigation were cut from LiTaO3 and
LiNbO3 crystals with congruent melt compositions. The congruent
melt composition is approximately 49 mole % Lizo for LiTaO3 and
48.6 % for LiNbOS. Both crystals, grown by the Czochralski tech-
nigue, are now extensively used as SAW device materials. The

melting point is 1923 K for LiTa0O, and 1526 K for LiNbOS.

3
Because of the higher melting point, LiTa0 crystals should be

3

grown in a Pt-Rh crucible, which inevitably causes contamination
by Rh impurities for about 100 ppm concentration. It was checked
that the Rh impurity exerts no influence on elastic constant and
dielectric constant in LiTaOS. The high optical-guality LiNbO3
crystal was made with a Pt crucible.

Single domain (5SD) crystals were obtained by field-cooling
as—grown crystals with an applied electric field of 5V/cm along

the ¢ axis through T whereas multidomain (MD) crystals were

Cl

-10~



made by cooling without an electric field.

Both SD and MD crystal samples for elastic-constant measure-
ments ﬁere formed into cylinders 7 mm in length and 25 mm in
diameter, in which the cylinder axes agree with one of the
principal crystal axes.

The SD samples for dielectric-constant measurements were
shaped into plates, 16 to 25 mm2 in area and 1.0 to 1.2 mm in

thickness. The SD LiNbO3 samples were coated with platinum

electrodes on the large faces perpendicular to either Y or <2

axis. The electrodes were made of fritless platinum paste, fired
at 1000 K in the initial warm-up. The LiTaD:3 sample with

platinum electrodes on large Z faces was transformed into the SD

state after the firing. The MD LiTaO, sample with platinum elec-

3
trodes on the Y surface, was used for measuring 511 above TC'
while the SD LiTaO3 sample, with gold electrodes, was prepared
for measuring €14 below TC‘ Gold electrodes were vapor deposited

in a vacuum, and then covered with gold paste, fired at 800 XK.
Capacitance measurements on the thicker sample yvielded the same

g value in the entire temperature range. The measured data

ii

were not affected by the boundary between electrodes and crystal.

-11-



2-2 Elastic—constant measurements
(1) Ultrasonic apparatus

Elastic constants were deduced from sound-velocity measure-
ments. Sound velocitiés were determined at around 20 MHz, using
the ultrasonic phase—gomparison method invented by McSkimin.39)
The phase-comparison method was improved so that automatic mnea-
surements could be made at temperatures up to 1200 K. The detec-
tion system and a microcomputer were introduced for the automa-
tion. High-temperature measurements were achieved by wusing
silver paste as the bond between the buffer rod and the sample.

Figure 3 shows an apparatus block-diagram. The gated ampli-

fier fed the more than 150 V peak to peak burst to the gquartz

transducer. Longitudinal and transverse ultrasonic waves were,
respectively, generated by chromium—-gold plated X- and Y-cut
quartz transducers, 15 mm in diameter. The transducer was bonded

to the end of the buffer rod with salol (phenyl salicylate) and
cooled to room temperature by blowing nitrogen gas during high
temperature measurements, as illustrated in Fig.3. This simple
cooling system makes it possible to maintain the temperature
sufficiently low. The fused-silica buffer rod, 25 mm in diameter
and 200 mm in length , was used for ultrasonic interference with
multiple reflections and for thermal insulation of the transducer
from the hot 2zone 1in the furnace. The difference in thermal
expansion, between the rod and the sample, created the difficulty
in obtaining the data over a wide temperature range. The buffer
rod with a taper at the end showed an advantage in measurements

at high temperatures. The rod with the taper was designed to



prevent distorting the echo pattern for a shear wave. A small
portion of the pulses was reflected at the lateral surface of the
rod, due to the diffraction effect, although a large portion
reached the end of the rod. Reflection at the smooth lateral
surface of the rod gave rise to ultrasonic delay, which is not
distinguished from the sample echo. Thus, a series of grooves, 1
mm in depth, was cut around the lateral surface of the rod to
scatter the unnecessary reflections.

The sample was bonded with the buffer rod using silver paste
(Shouei Chemical Inc. H4040A, H4244) or organic adhesive (Aron
Alpha). Silver paste, fired at 853 K on initial warm-up., was
used to obfain the data on the SD LiTaO:3 and LiNbO3 crystals in
the range from 470 K to above 1000 K. In the case of the MD
LiTaOS, the sample was cooled or heated slowly after the paste
was fired at above T.. Ultrasonic velocities, propagated along

Cc

one of the principal axes in LiTaO were measured above 973 K.

3
Ultrasonic velocities along the X or Y axis in LiNbO3 were
determined up to about 1200 K, while velocities along the Z axis
in LiNbO3 were determined up to about 1000 K. Because of bond
breakdown or high attenuation in acoustic waves, shear echoes
from the LiNbO3 sample disappeared at the higher temperatures.
The organic adhesive was exploited for longitudinal-velocity
measurements below 473 K. Shear velocities, between 373 and 473
K, were not measured, because no suitable acoustic-bond was found
in this temperature range.

The sample was mounted in a nickel block for good thermal

stabilization. The temperature difference across the sample was



less than 0.1 K at 900 K. Temperature measurements were made
using a platinum-rhodium thermocouple, which was in contact at
the taper position of the buffer rod. For nmeasurements on
LiTa0O, crystals, the temperature change rate was 0.2 K/min near

3
T while the 0.5 K/min rate was used in the other temperature

c’
range. For measurements on LiNbO3 crystals, the rate of 0.5
K/min was adopted in the entire temperature range.

Echoes received by the transducer were converted to digital
output by the A/D converter. If the burst width is longer than
the one round trip time through the sample, interference between
echoes occurs. The tvpical overlapped echo amplitude is shown in
Fig.4 as a function of frequency. The amplitude exhibits mininma
periodically at fregquency fn' on the condition that there is an

integer n of wavelength in twice the sample thickness 2L. Thus,

ultrasonic velocity V is written as

V = 2L(f_-f ). (2.1)

The microcomputer (Hewlett-Packard 9816) measured the tempe-
rature, ajusted the synthesizer frequency for minimum signal, and
then accumulated the elastic-constant data. Although the change
in the sound velocity was detected at an accuracy of 0.01%, the
absolute wvalue of the velocity might have systematic error of
less than 0.5 %, which originated from the phase shift in the

paste or adhesive laver.



{2) Elastic-constants calculation

0)

The Voigt notation4 is adopted here to simplify writing

the second-rank stress and strain tensors, the third-rank piezo-
electric tensor and the fourth-rank elastic constant tensor. In
piezoelectric materials, stress Xi (i=1,2,3,4,5,6) and electric

displacement D {k=1,2,3) are described in terms of strain X and

k

electric field Ek’ The equations of state, govering a piezoelec-

tric crystal, are given by

X, = ; cE x. - ; e By (2.2)
Pooj=1 P k=1
3

D, = g epiXs + X s?kEl, (2.3)
j=1 <4 J 1=1

where eij denotes the piezoelectric constant.
The phase transition from the low-temperature FE phase to

the high-temperature PE phase in LiTa0O, and LiNbO3 is accompanied

3

by the structural change from the non-centrosymmetric space

group R3¢ to the centrosymmetric space group R3c. For crystals
belonging to either R3c or R3c symmetry dgroup, elastic coqstant
Cij and dielectric constant €;; are written as40)
\

Cll C12 Cl3 C14 0 0

€12 €11 C13 Gy O 0

C13 C13 C33 © 0 0

Cij = 014 —C14 0 : 044 0] 0 (2.4)
0 0 0 0 044 C14
0 0 0 0 C14 C66 )

-15-—



€17 O 0
€ii T 0 €11 0 (?'5)
0 0 €33
For convenience, C66 is defined by
C66 = (Cll—Clz)/Z. (2.6)
Below TC' piezoelectric constant eij is given by
0 0 0 0 e15 -e22
={ - 7
eij E e22 e22 0 e15 o 0 (2 )
e e e 0 0 0

From egs.(2.2)-(2.7) and the condition Di=0, elastic~constant

differences C?j—c?j are expressed as

C?l_C?I = e§2/5?1 * e§1/€§3' ‘2.8
ch,-Ch, = SV (2.9)
Ch,~Chay = erg/er,. (2.10)
Se6=Ce6 = ©32/E11- (z-1)

In the PE phase, CP

5 4 is equivalent to C?j' because the crystals

are non-piezoelectric above TC.



Ultrasonic waves, transmitted in the SD crystal, are approx-
imately regarded as plane wave, because the acoustic wavelength
is considerably small, compared with the sample dimensions and
with the transducer diameter. The acoustic plane wave gives rise
to electrostatic fields, due to piezoelectric coupling. In
addition, an acoustic plane wave in a piezoelectric crystal may

41)

couple with an electromagnetic wave. Hutson and White, and

Kyame42)

pointed out that plane wave solutions for the piezoelec-
tric material satisfy both equations of state and Maxwell's equa-
tions. In practice, the dispersion of an acoustic wave, caused
by the coupling to the electromagnetic wave, is negligibly small,
compared with that caused by the coupling to the electrostatic
field. This is based on the fact that the light velocity is far
higher than the sound velocity. The plane-—wave assumption means
that the transverse components of piezoelectric polarization
induce alternating charges only at the lateral surface of the SD
sample. Thus, transverse components exert very little influence
on the acoustic velocity. In contrast to this, the longitudinal
component of piezoelectric polarization creates charges in the
crystal. Consegquently, the longitudinal electrostatic field, due
to the piezoelectric coupling, has a marked effect on the acous-
tic velocity.

Table I shows the relationship between acoustic modes and
elastic constants in the SD and MD crystals. Ultrasonic velocity
measurements along the principal axes vield elastic constants

c c

11’ C and C66=(C

33" 44 —Clz)/2. Effective constant C for

11 33



the SD crystal is identical to C§3 ' because the 1longitudinal

acoustic wave along the z axis produces the longitudinal electro-

static field. With the exception of C effective constants Ci‘

33’ i
in the SD crystal are equal to C?i, because piezoelectric con-
stants €,17 ©34 and e,z are zero. An explanation of effective

constants in the MD crystal is given in §5.

-18~-



2-3 Dielectric—-constant measurements

Dielectric constant 533 along the Z axis and 511 along the Y
axis were determined at several frequencies, between 10 kHz and
13 MHz, using a YHP impedance analyzer model 4192A. The sample
was mounted on a large Ni crucible in the furnace and connected
by 10 cm parallel Pt lead-in wires with the YHP standard test
cable. The microcomputer was ' connected with the impedance
analyzer, and the digital voltmeter recording the temperature of
the sample. The €53 and 0; 3 data were accumulated with the
microcomputer.

Dielectric constant g .. and conductivity ¢ .. at angular

11 11

frequency @ were obtained from the equations,

t(c?ﬁ'co)
Eii = 2 ap ! (2.12)
5% 2 2
S e— - {

where C?? and G?? are the apparent values of capacitance and

conductance, respectively, LO is the residual inductance, CO is

the stray capacitance, S is the area of electrodes and t is the
sample length. Equations (2.12) and (2.13) are valid, when

mzLOCii is smaller than 1. Since a typical LO value was 0.1 LH,
533 at 13 MHz was determined in the range wup to about 8x103.

Measurements on g and o11 were carried out in the temperature

11

range up to 1200 XK, where tangd was lower than 20.

-19-



§3 Results

3-1 Elastic constants in LiTaO3

Temperature dependence of elastic constants in LiTaO3

crystal is shown in Fig.5. The open and closed circles refer to

room temperature values for C?i and CE taken from the results

33'

) 3)

reported by Yamada al.22 and by Warner et alﬁ ., respectively.

The variations in Cii near TC are presented in Fig.6. The values

of effective elastic constants C;i (i=1, 4 and 6) for the MD

-

crystal lie between the values of CE and Ci?, respectively. On

i

the other hand, Cé3 for the MD crystal is approximately egual to

Cgs at room temperature. At Curie temperature TC' the values for

Cii in the MD crystal agree with those for C?i in the SD crystal.

Curie temperature in LiTa0, crystals, used in this work, is found

3
to vary from 873 to 883 K.

In the FE phase, both C?l and C exhibit nonlinear tempera-

1
11
4 2

ture dependence, while, in the PE phase, Cil shows the linear

temperature dependence up to the highest observed temperature.

Shear elastic constants 034 and C&4 decrease slowlv with increas-

ing temperature up to 370 K and then increases up to T These

c

decrease again above T exhibiting a cusp at T Variation in

c’ c
C&4 above 670 K 1is small, compared with that in C§4 . Similar
behavior is found for shear elastic constants Cge and Cée in the
entire temperature range. In addition, Cgs shows a jump at TC’
where the shear wave attenuation is large. No abrupt change is
observed for Cés for the MD crystal. Longitudinal elastic con-

stant 023 shows the linear temperature dependence with the same



slopes on either side of TC, except for a small dip around TC‘

In contrast to Czs in the FE phase, Cés decreases drastically
with decreasing temperature below TC’ It once shows a minimum

near 820 K and then increases linearly with a further decrease in

the temperature below 770 K.

3-2 Elastic constants in LiNbO3

Temperature dependence of elastic constants in LiNbO3 crys-

tal is shown in Fig.7T. The Cil values for the MD crystal are

slightly higher than those for C?l for the SD crystal. On the

other hand, Cés for the MD crystal is nearly egqual to C§3 at roon

43)

temperature, taken from the results of Warner et al. Due to

the large attenuation of shear ultrasonic waves 1in the MD

crystal, elastic constants 0;4 and Cée were not obtained.

As shown in Fig.7, both C?l and Cil decrease linearly with

increasing temperature, up to 1223 K (0.86 T Furthermore, both

C)'

Czs and Cés exhibit linear temperature dependence, up to 980 K.
The elastic-constant difference C§3—Cé3 in LiNbO3 is found to be
practically independent of temperature. In contrast to C?l and
Cés, shear elastic constants CE4 and Cgs deviate from the linear
relation at high temperatures. Elastic constant C:E4 decreases
linearly with increasing temperature, up to 450 K. Constant CE4

deviates from linear decrease, exhibits a minimun at about 840 K
and then increases slowly up to 1040 K. Elastic constant C§6

decreases linearly with increasing temperature up to 500 K, shows
nonlinear behavior between 500 and 1100 K and then becomes prac-

tically independent of temperatures up to 1190 K.



3-3 Dielectric constants in LiTaO3

Figure 8 indicates dielectric constants €41 and &3 in

LiTaO3 as a function of temperature. Except for the high tempe-

rature range, the measured values €;3 UP to 1.5 MHz represent the
constant-stress dielectric constants s?i, while the values at 10

and 13 MHz represent the constant-strain dielectric constants

X

€ii-

At room temperature, dielectric-constant difference 5?1— 5?1

in LiTaO3 is small compared with that in LiNbOs, as indicated in

Tables [ and [[- Both free and clamped dielectric constant €44
increase gfadually with increasing temperature. They exhibit a
maximum at TC and then decrease slowly in the PE phase. Dielec-

tric dispersion, perpendicular to z axis, is observed in the PE
phase, where the crystal is centrosymmetric.

Dielectric—-constant difference 5§3—5§3 in LiTaO3 at room
temperature is much less than 5?1—5?1. The relationship

X b4 X X . . .
(833-633)<<(811-E 11) is also found in L1NbO3 at temperatures

far lower than TC' Note that there is a significant dispersion

in 533 over the wide temperature range, including the Curie tem-

perature.

The inverse dielectric susceptibility x;é is plotted in
Fig.9 as a function of temperature. The lowest—-fregquency inverse
susceptibility (x§3)—1 in the PE phase clearly obeys the Curie-
Weiss behavior:

X ,—-1_ +
(Xz3) = (T To)/C . T>T, (3.1)



where ct is the Curie constant above TC. As indicated in Fig.9,

1

(x§3)° in the FE phase shows the linear temperature dependence

and is described by a modified Curie-Weiss relation:

(x§3)-1=(T¢—T)/C". T<T, (3.2)

where C is the Curie constant below q:. Note that the experi-

mental results in both FE and PE phases can be expressed by the

same Curie temperature T Curie temperature T, in the LiTaO3

c’ Cc
sample used for dielectric measurements is 868 K and agrees with

the value with the congruent melt composition reported by Barns

38) -1

and Carruthers. The slope for (x§3) at 10 kHz in the PE

phase vyvields a Curie constant (3+=1.43x105 , which is 1in good

agreement with the value reported by Yamada et al. 22)

by Glass?s) The ratio of the Curie constants C+/C- for LiTaO3 at

10 kHz is 2.7 and agrees well with that for LiNbO3, although the

and

C+ value for LiNbO3 is a half as large as that for LiTaO3.

According to the Landau-Devonshire theory,l)

these ratios clearly
indiciate that both LiTaO3 and LiNbO3 undergo a nearly second-
order phase transition.

High—frequency inverse susceptibility ;x;; in the PE phase
decreases linearly with decreasing temperature, deviates fronm
linéarity and then becomes practically constant with temperature
in the neighborhood of TC' In the range between 950 and 1200 K,
the slope for 100 kHz is equal to the slopes for high frequen-

cies. Compared with X;; up to 100 kHz, high-frequency inverse

susceptibility x;; in the PE phase exhibits remarkable deviations

-23-



from linearity in the neighborhood of TC. In the FE phase,

(x§3)_1 at 10 MHz is expressed as
X -1_ _ T

(Xz3) =(T4-T)/C’, T<T, (3.3)
where C' is the modified Curie constant below TC’ The tempera-
ture TO’ at which (x§3)—1 extrapolates to zero, is higher than
TC.

As shown in Fig.10, conductivity Oa3 along the z axis exhib-
its a maximum at T.. In addition, 033 shows significant disper-—

C

sion over the wide temperature range between 700 and 1200 K,
Conductivity 044 increases with increasing frequency. As indi-
cated in Fig.10(b), variations of 014 with frequency near TC are
far less than those of 033" Conductivity 044 increases with in-—
creasing temperature, up to 1150 K. Lowest—-frequency conductivi-
ty 043 shows similar temperature dependence, with the exception

of the anomalous part associated with +the phase transition.

3—-4 Dielectric constants in LiNbO3

Figure 11 shows dielectric constants 511, and the loss

€33

tan & in LiNbO3 as a function of temperature. Because of the

electric resonance, dielectric constant 533 values at 10 and 13

MHz were not determined near TC' As indicated in Table 7, room

temperature values for Eii at 10 and 13 MHz are in goood agree-—

28,44)

ment with the data obtained in the GHz region. Thus, £

ii

values at 10 and 13 MHz are regarded as clamped dielectric



constants E?i‘ The €54 value at 100 kHz is practically equal to

€;3 at 10 kHz, except for the high temperature region, where the

loss tan § at 10 kHz 1is large. In addition, at 1 MHz agrees

€33
well with 533 values at 10 and 100 kHz, as long as tan §  values
af 10 kHz and 100 kHz are small. Therefore, the €14 values, up

to 100 kHZz, and a33 values, up to 1 MHz, with a small tan §

denote free dielectric constants Efl and 5§3, respectively.
Clamped dielectric constant 5?1 is approximately a half as

large as the free dielectric constant 8?1’ as shown in Fig.1l1(a).

Both free and clamped dielectric constants €41 increase gradually

with increasing temperature. In contrast to .%1 , there is a
difference between clamped dielectric constant e§3 and free di-

electric constant £§3. Although, in the FE phase, the 533 value
at 13 MHz is in agreement with the €q4 value at 10 MHz, in the PE

phase, at 13 MHz is 1lower than € 33 at 10 MHz, as shown in

€ 33

Fig.11(c¢c). Above T. , dielectric constant decreases with

c €33

increasing frequency, from 1 MHzZ to 13 MHz.
Figure 12 shows inverse dielectric susceptibility x;; vs.

tenperature relationship. Inverse susceptibility x;; near TC'

in both FE and PE phases, obeys a Curie-Weiss law described by

eqs.(3.1) and (3.2). Curie temperature TC for the LiNbO3 sample

is 1410 K and agrees with the value with the congruent melt com-

5) 37)

position reported by Bergman et al? and by Carruthers et al?

The slope for x;; at 1 MHz in the PE phase vyields a Curie con-

stant C+=2.7><10£5 K, which is a typical wvalue for the displacive

phase transitions. The ratio of Curie constants C+/C— for 1
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MHz is about 2.6. This indicates that LiNbO3 undergoes a nearly

second-order phase transition. Below T the slope (d -l/dT) for
X33

Cl

10 MHz is steeper than that for 1 MHz, while, above T_.,the slopes

c’
for 10 MHz and 13 MHz are parallel with that for 1 MH=z. Devia-
tions from the Curie~-Weiss behavior were observed in both phases,
far from TC.

Conductivity 033 along the Z axis is plotted in Fig.13 as a
function of temperature. Near TC’ 033 values at 10 and 13 MH=zZ
were not obtained, due to the electric resonance. Anomalous
conductivity change, related with the phase transition, was
observed near TC' With the exception of the ancomalous part,

increases with increasing temperature. Conductivity

033

0114 along

the Y axis shows similar temperature dependence, up to 1200 K.

3 and LiNbO3 as a func-

In view of eqg.(3.1), Fig.14

. -1 . .
Figure 14 shows €a4 and X533 in LiTaO
tion of reduced temperature T/TC.
shows that the C+/TC value for LiTaO3 is nearly equal to that for

L1Nb03.
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§4 Phenomenological treatment
4-1 Differences in elastic-constant and inverse-susceptibility

An interpretation of the elastic and dielectric properties
in LiNbO3 and LiTaO:3 requires the phenomenological expression of
free energy with respect to strain and the order parameter. The
primary order parameter in these crystals is regarded as sponta-
necus polarization along Z axis. For convenience, the suffixes
are dropped out to represent the tensors of coupling constants
between strain x and polarization P. Since piezoelectric coupl-

ing term axP is forbidden by symmetry above T the lowest-order

C i
interaction in the PE phase of these crystals is the electro-
strictive coupling of the form quz. In addition, higher—-order

coupling of the form rxP4 is taken into account, to interpret the

P E x -1 X ,-1 .
temperature dependences of Cii—Cii and (xii) -(Xii) ' consis-
tently. The coupling, expressed as hx2P2, may give rise to vari-

ation in elastic constant C?i proportional to the sgquare of Ps'

However, C?i values in LiTaO and LiNbO3 exhibit no anomalies

3
associated with hx2P2: For LiTaO3, Cgs shows the linear tempera-
ture dependence with the same slopes on either side of T. , as

C

indicated in Fig.5. For LiNbO3, CP decreases linearly with in-

33
creasing temperature up to 1070 K, as indicated in Fig.7. Thus,
coupling hsz2 is excluded from this analysis. Using the Voigt

notation, electrostrictive constant qij for these c¢crystals is

expressed as40)
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937 93, 933 9g4 O o |

9y, 933 933 934 © 0
| 913 933 933 O 0 0
93 ; =\ dy4 914 O g4 © 0 i (4.1)
10 0 0 0 dpgq 94 |
Lo 0 0 0 4 qes/

The form of the higher—-order coupling constant rijk is given in

ref.46. Since spontaneous polarization Ps arises along the =z
axis below TC' it is reasonable to neglect higher—-order terms
with respect to Pl and Pz. Interaction energy FC(Xi’Pm) for

LiTaO3 and LiNbO3 is then written as

_ 2 2 _
Folxy i Pp) = QX Py + q (R 4% )Py + g { (X=X, )P +X P, }P,
+q44(x4P2+x5P1)P3
+{r (X,+xX,.,)+1r X }P4+{r (X,=-xX,)+r x, P P3
133 %1%, 333%3/F3 134 X1 TR I T 3445415973
+(T,, Xo+T . X )P P> (4.2)
344%5* 356%6/F1F3- ‘4.

According to Slonczewski and Thomas,30) C?j is related with

9%F 3%F
ct, =6l - —F g T (4.3)

k axiaPk aPkaxj
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The inverse susceptibility ()c}ék)_1 at constant stress is given by

2 2
e N RS i Tt S 9% p 9%
Lk = gy P

i3 (4.4)
i.J dPpax; 9% 5Py

Here, elastic compliance ng is equal to the inverse of ng.

In the FE phase, spontaneous polarization Ps along the 2

axis generates piezoelectric coupling a ‘X‘Pm' which is dominant
-

mi

over the electrostrictive and higher-order coupling. Using the

. _ 2 . . .
relation ami-(a FC/axiaPm), ami values in LlTaO3 and L1Nb03 are

written as

_ 2
Bgg = T(Ay4¥T134FP5 )Py (4.5)
a,. = 2(q..+2r...P2)P (4.6)
33 33 333" s s’ )
a.. = (q..+r.. P2)p (4.7)
15 D447 344 s’ 5" g
a.. = 2(q..+2r...P2)P (4.8)
31 13 133" s s’ )
Consedquently, elastic—-constant difference C?i—cﬁi and inverse-
susceptibility difference (X§i)—1‘(X§i)-1 are expressed as
P __E _ 2.2.2. % 2..2.%
C117C 1 = (4T 3,Fg) PoXy 74(a,53+2r 5 PP Xggy (4.9)
P _E _ 2.2.2 %
C337Cag = 4(Qg3%2r55,5P ) PXg3e (4.10)
P _E _ 2.2.2 %
Cag Cayg = (Ag+T544Ps) PeXpqe (¢.11)
P _E _ 2.2.2 %
Ce6 Cs6 = (T14%T134Pg) PXyyqo (4.12)
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1

x -1 , X -1 _ 2 2.2

P P
s(51175:2)

p2)2p2 P
(A, *T134Fg) PS5y

2 P2)P28P

HA(qy ptT 5 Pl (A 4T 5,4 P )P Sy (4.13)

-1 -1 4(qy,+2r Pz)zpzsp

p4 X
(X33) —(X33) 333" s s°33

2,2_2,_P P
+8(ql3+ 133P ) P (S, ,+5S

2, P
+16(Qy5+27553P ) (4,427 33P0 ST50  (4-14)

In this analysis, four assumptions are made: (1) Coefficients

qij and rijk are temperature independent. (2) Elastic constants

?1, Ci4 and C§6 decrease linearly with increasing temperature.

(3) For LiNbO3 the slope dC?i/dT (i=1, 4 and 6) is equal to the

C

slope dC?i/dT in the range between 300 and 450 K. (4) In eqgs.

(4.13) and (4.14), variation of S?j with temperature is negligi-

bly small, compared with that of Pi.

P

With the exception of C elastic constant Cii at constant

33’
polarization cannot be directly determined by ultrasonic methods.

Room temperature values for Cll' C§4 and C§6 are calculated fron

eqgs.(4.3)-(4.8), using corresponding elastic constants C?i and

dielectric susceptibilities X?i obtained by the present work, and

piezoelectric constants a i reported by Warner et al.43)

22)

or by

Yamada et al. The results are presented in Tables [V andV.

The temperature dependence of elastic constants C?j arises
from the variation in the lattice potential energy, due to anhar-

47)

monicity. According to Leibfried and Ludwig, the temperature
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dependence of ng is expressed reasonably as

P _ =P ,._
Cij = Ciji1-D  F(T/B)}, (4.15)

where E?j refers to C?j at 0 K, Dij depends on the lattice anhar-

meonicity, 8 is the Debye temperature and

F(T/8) = 3(T/e)4f§/8 x3(e¥-1)dx. (2.16)

48)

Glass and Lines reported that Debye temperature g values are

450 K for LiTaO3 and 560 K for LiNbOS. Thus, CEi for these crys-

tals is expected to show approximately the linear decrease in the

observed temperature range. The experimental results for Cga are

consistent with the expectation, as indicated in Figs.5(b) and

7(b).
In the FE phase of LiTaOS, temperature coefficients for C

(i=1, 4 and 6) are determined from the calculated wvalues of C

at room temperature and the measured values of C?i at TC. In
P

. P
LleO3, slopes for C44 and C66

are assumed to be equal to those

for c%* and c%¥, which were obtained by linearly extrapolating

44 66"

034 and Cgs in the range between 300 and 450 K to higher tempera-

tures, as shown in Fig.7. On the basis o0of the experimental

P SP is expected to increase linearly with in-

results for 033, 33

Ccreasing temperature. According to Yamada et a1?2'24), the rela-

tive temperature derivatives (S?i)-l(dsﬁi/dT), in these crystals

are of the order of 2><10-4 K_l. Thus, it appears reasonable to

neglect the temperature dependence of S?j in egqgs. (4.13) and

(4.14).
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As indicated in Tables IV and V , the a,, values for LiTaO,

and LiNbO3 are small, compared with the other ai values at room

temperature. According to eg. (4.8), the low az, value leads to
small q;3 and Tia3: In the absence of d,3 and r. ijk’ egs.{4.9)-
(4.14) predict the following relationships: (1) Elastic-constant
. P E P E P E 2._x .
differences Cll—Cll' 044—044 and CGS—C66 vary as Psxll' while
CP —CE varies as szx (2) Inverse—-susceptibility differences
33 33 s433°
x ,—-1 X -1 x ,-1 X -1 . 2
(xll) _(xll) and (133) (133) are proportional to Ps.

4-2 Dielectric susceptibility

The dielectric susceptibility is derived from an expression
of the lattice free energy F(Xx m,Pi ) dinvolving strain x and
peoclarization Pi' For LiTaO3 and LiNbOS, elastic constant and die-

lectric tensors are'given by egs.(2.4) and (2.5), respectively.

Thus, the free energy F(xm,Pi) for two crystals is written as

F(x,,P,)=F (X )+F (P )+F (x_,P.), (4.17)
_1 P ,2 2 1 P 21 P 2, .2 .1 P 2 P
Fa(Xp)= 5 Cp (B X045 CugXyHty Cuy(xy+xg)+5 Cyuex+C % x,
+C P (x +x )x +C ({x x )x +CP {(4.18)
13 14 4% 14%5%6 .
_ 1 -1,.2,.2, .1 -1.2,1 ,_4
FolP3)= 3(&px ) "(Py+Py)+5(€qx5,5) "Py+z AP,. (4.19)

Here, Fm(xm) refers to the elastic strain energy and Fo(Pi)

represents the Landau free energy expansion, with respect to the

polarization alone. For simplicity, terms higher than Pg are
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dropped in eq.(4.19) and coefficient A is assumed to be a con-
stant. Free interaction energy FC(xm’Pi) is given by eq.(4.2).

Spontaneous values for strain Xns and polarization PS are

obtained by setting stress Xm and electric field E3 equal to
zero:
gF(x_,P.)
Xm *l3—=—1lp =0 , (4.20)
m
agF(x_ ., i)
E3 =13 P3 % =0 . (4.21)

In the FE phase, spontaneous strains x appear along

1s’ Xos' £3sg

the principal axes, while the values for shear strain Kps' ¥gg

and x are zero. When 943 and r are neglected, the sponta-

6s 133

neous strains Xns values are expressed as

2 2. P
1s 2s = Pgldga+rgsaP )Gy 574G, (4.22)

2
3= T Pgldggtrys; s)(C 12)/AC . (4.23)

P
where AC= C33( C12) 2(C13) {4.24)
The ratio of spontaneous strains xss/xls below TC is then given
by
P P
X3s €11%C12
T —— (4.25)
*1s cf
13
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In the absence of Taggs values of Xig: X,g1 Xgq are expected to

be proportional to Pi.

Inverse susceptibility (123)—1 at constant strain is given
by
E
X ,-1_ d 3
(X33) = rﬁﬁg- x (4.26)

From egq.{(4.21), inverse susceptibility (7(}:;:3)—1 is approximately

written as

x ,-1_ -1

(X33) ™= X33 T>T, (4.27)
X ,-1__.__-1 2 2 P P

(X35) = 2X33%4P G545 (d,,+T5,,P ) (C),+C,)/AC, T<T.. (4.28)

According to the Landau-Devonshire theory, inverse susceptibility

x;; in eq.(4.19) is assumed to vary as (T—TC). Thus, it follows
that the ratio of the Curie constants C+/C_ is approximately -2.
The second term in eqg.(4.28) , derived from the interaction

between strain and polarization, is smaller than the inverse-

1 1

susceptibility difference (xis)— —(x?s)_ , given by eqg.(4.14).
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85 Discussion
5—-1 Elastic constants
(1) Effective elastic constants for the MD crystals

At room temperature, observed Cés values for the MD LiTaO3

and LiNbO3 crystals are practically equal to the calculated Cgs

values, as indicated 1in Figs.5(b}) and 7(b). The longitudinal
ultrasonic wave, propagated along the Z axis in the MD crystal,
cannot induce the effective longitudinal electric field, because
the average PS value is small and because the sign of the induced
charge depends on the domain orientation. The longitudinal ul-

trasonic strain Xa cannot generate the transverse field, because

transverse piezoelectric components €., and e,, are zero. Thus,

Cés for the MD crystal is assumed to be identical to Cgs over the

entire temperature range.

In the presence of tranverse components of eij,an ultrasonic
wave, transmitted in the MD crystal, induces a transverse elec-
tric field, whose direction depends on domain orientation. Con-—

sequently, ultrasonic velocity v'i (i=1, 4 and 6) for the MD

crystal yields effective elastic constant Cii higher than corre-

sponding constant-field elastic constant C?i for the SD crystal.

The piezoelectric constant e in two crystals is negligibly

31

small, compared with e Substitution of e,,=0 into eqgs.(2.8)

22° 31

b P E E .
and (2.11) leads to the agreement between 011+C and C,,+C in

12 11 12

the FE phase. As shown in Fig.15, elastic constants Ci1+Ci2,

obtained from Cil and Cée in the MD LiTaO3 crystal, are in good

agreement with C'E +CE

11 12 in the SD crystal. Furthermore, the



difference Ch4-{%4 in LiTaO3 is approximately proportinal to

54—054 over the wide temperature range, as shown 1in Fig.16.

Therefore, these results support the interpretation that the

C

elastic-constant difference between SD and MD crystal arises from
the piezoelectric effect.

The ultrasonic shear wave attenuation in the MD LiNbO3 crys-

tal is significantly higher than that in the MD LiTaO3 The wave-

length of the shear modes in these crystals is of the order of

.2 mm at 20 MHz. By referring to the result of Miyvazawa and
Iwasaki49), the ferroelectric domain size in LiNbO:3 crystal is
presumed to be comparable with the ultrasonic wavelength. In

contrast to this, the domain size in LiTaO3 is reported to be

49)

less than 0.001 mm. Consequently, the higher attenuation of

shear waves in the MD LiNbO3 crystal is ascribed to scattering by

ferrocelectric domains.

(2) Elastic constants in LiTaO3

Figure 17 shows elastic-constant difference C?i—C?i in LiTaO3

vs. temperature relation. Note that the relative values for
P E ; ; P E P E
C11 C11 are in good agreement with those for 044 C44 and CGG_CGG
over the entire temperature range. According to egs.(4.9)-
{4.12), the agreement requires that coefficients q13 and r133 are
zero and that the ratio r344/q44 is equal to r134/q14. In con-
trast to CP —CE (i=1 4 and 6) CP —CE in LiTaO decreases
ii Tii ! ! 33 733 3 _

slowly with increasing temperature up to 770 K and shows a marked

change between 770 K and TC.
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Figure 18 shows the temperature dependence of (C?i—C?i)/xim

for LiTal deduced from the elastic—-constant and dielectric

3 '
. P E X P __E X
measurements. Relative values for (Cll-—Cll)/,(l1 and (C44 C44)/x11

are lower than those for Pi, taken from the pyroelectric measure-—

25)

ment reported by Glass. In view of egs.(4.9) and (4.11) with

q13=0, the deviation from Pi is attributed +to higher-order

coupling terms. As indicated in Fig.16, relative wvalues for
P _ Po_
33 11
P—
44

E b 4 E b 4
(C C33)/x33 are lower than those for (C Cll)/xll and

(C CE4)/x?1. This is due to the contribution of higher-order

P2 to CP CE over the wide temperature range.

coupling r,,,xX,P, 337 "33

The significance of higher-order interaction Thag x3£>§ in

Czs-ﬂgs appears conmpatible with the observation o¢f spontaneous

strain Xis in LiTa0O, reported by Yamada et al.zz)

3 They revealed

that a linear relationship between x and Pi is not wvalid at

3s
temperatures far lower than TC and that higher-order term Pi
contributes largely to the results for Xig® The temperature
dependence of x1s and x33 is accounted for by eqgs.(4.22)-(4.24).
According to eg.(4.25), the spontaneous strain ratio xSS/x1s is
expected to be temperature independent. The ratio xss/xls=—3.5,
qbtained from the C?j data, seems to be consistent with the

results reported by Yamada et al?z)

P E x 2 - .
Both (033~033)/x33 and Ps vary approximately as (TC—T) in

the vicinity of T as indicated in Fig 18(b). Equation (4.10)

C I
. P E . , . . .
predicts that 033—033 is temperature independent in the neighbor-
hood of TC, on the assumption that the relation x}:;soc(TC—T)"1 and
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Pim(TC—T) is valid and that the higher term 2r333P§ is negligibly

small, compared with d34- As indicated in Fig.9(b}, x?s at 10 MH=z

deviates significantly from the Curie-Weiss law near TC' The
temperature dependence of ()(}53)—1 is expressed by eq.(3.3). From
the relation Pz m(TC-T) and eq.(3.3), elastic-constant difference
P E - .
C33—C33 near TC is given by
T.-T
cP.-cE =a_CS (5.1)
33 733
T, . -T .
0
where A is a constant. The solid curve in Fig.17(b) is obtained
from eq.(5.1) with A=6.1x109 N/m2, TC=875 K and TO=888 K. The
R . . . P E
good agreement indicates that the drastic change in 033—033
between 800 K and TC is attributed to the anomalous behavior of
X§3 at high ' temperatures.
As shown in Fig.6, CP exhibits a small dip around T In

33 C-

addition, shear elastic constants 054 and (326 in the PE phase

deviate from the linear temperature behavior as T,. is approached

C
from above. These results may be explained by the electostric-
tive interaction, which connects the two polarization fluctua-
tions §P(Q)OP(-4d) of nearly opposite wave-vector § with the ul-

trasonic strain.zg'so)



(3) Elastic constants in LiNbO3

Figure 19 shows elastic constant differences C?i—cﬁi

P CE and

(i=3, 4

and 6) in L1Nb03 as a function of temperature. Both C44— 44
P

66 _C§6 decrease gradually with increasing temperature, while

C§3—C§3 is independent of temperature. Linear decrease in C?l

implies that C§1_0?1 decreases slowly with increasing temperature,

c

As indicated in Figs.17 and 19, the agreement between C§4—C§4 and

P E . . . .
66-066 is recognized for both L1Nb03 and L1Ta03.
P B

Figure 20 indicates relative values for (C33—C33

between C
» b4
)/x33 and

(Ci4—CE4)/XT1 obtained by the present work and those for P

i

0 o

taken from unpublished pyroelectric measurement reported by

b In the absence of higher-order coupling rxP4, egs.

P B X
337 C33) /X35>

Glass.5
(4.10)~-(4.12) predict that the gquantities (C

B

P __E
(c 66

E x . 2
44—044) )/x11 are proportional to Ps‘ There

P
/X7, and (Cge=C
X

r
are, however, considerable discrepancies between (C?.—C“ )/xmm

ii ii

and P, as indicated 1in Fig.20. Elastic—-constant differences

P—
33

E P E .
3 C44—C44 and C6S—C66 should be affected by higher-order

wrE nN
el

C c

P

. . 4 . ~B x
interaction rxP . For L1Nb03, values of (C33 u33)/133 are con

. P E X P E p4
siderably lower than those of (C44-—C44)/x11 and (C66—CGG)/X11 at

high tenperatures. The same behavior 1is also observed for

LiTaO as shown in Fig.18. These results indicate that the

3 14

higher-order coupling rxP4 has the most profound influence on

P B in LiTa0. and LiNbO..

C337Cas 3 3

It is of interest to compare elastic constants in LiNbO3

with those in LiTaO3. Figure 21 shows C?.—CE

ii ;i 1im these crystals



as a function of reduced temperature T/TC. With the exception of

the range near TC' C§3—C§3 values in these crystals are practi-
cally temperature independent. On the other hand, there is a
marked difference in Cii—C?i (i=4 and 6) vs. reduced temperature
relations between these materials. These observations are inter-
preted as the difference in variation of Ps with temperature
between these crystals. Spontaneocus polarization Ps for LiNbO3

decreases slowly with increasing temperature, compared with the

25,51)

case of LiTaOs.

- Q-



5—-2 Dielectric susceptibility
(1) Comparison with the phenomenological expression

The values for inverse-dielectric-susceptibility difference

x ,~1 X -1 . . . .
(xmm) (xmm) in L1Ta03 and L1Nb03 are plotted as a function of
temperature in Fig.18 and Fig.20, respectively. In the case of

LiNbO3, difference (xzs)-l—(x§3)*1 decreases almost linearly with

increasing temperature, while the difference (xfl)‘l_(xfl)—l

shows remarkable nonlinear temperature dependence. For LiTaO3

the distinction is also recognized between (x§3)"1—(x§3)‘1 and
x -1 X, -1 . . . .

(X7,) —(xy490 ¢ Since, in LiNbO,, the relative values for

(xx )—1-—()5X )—1 near T, are lower than those for P2 the higher
mm mm c s’

order interaction rxP4 contributes significantly to the inverse-

susceptibility difference. The higher Tasg value can account for
. . . x -1 X -1

the distinct difference between (xll) - (xll) and

x -1 X -1 . R . . 5 .
(133) —(x33) . As indicated in Fig.20, relative values of
(2.5)"1=(2%.)7! for LiNbO, agree well with thos £

X35 X33 3 gree e wi ose o

P E X . b 4 -1 X -1 .
(C44 C44)/x11, while the values of (x33) —(133) agree with
those of (C§3—C§3)/x§3. This correspondence is also found for
LiTaOS, except for near TC' as shown in Fig.18. Following egs.
(4.9)-(4.14), the temperature dependence of inverse-susceptibili-
ty difference (sz)-l —(;(;:m)_1 is compatible with that of the

elastic~constant difference C§i~C§i.



(2) Comparison with the soft mode

For LiTaO and Liqu3, the connection between the constant-

3

strain {(clamped) dielectric constants and optical phonon frequen-
cies is described by the generalized Lyddane-Sachs-Teller (LST)

. 2
relat10n,5 )

X 2

E (O

€190 ) i ®iro .

X 2

g @ .

33 =TT 32 (5.3)

| I
€350 ) j @70

longitudinal and transverse
where 8510 and ;7o refer to the ong
optical-phonon frequencies;i and j denote the various sets of E

and A, modes, respectively, and sii(m) is the dielectric constant

1
in the optical freguency region. As indicated in Tables I anc I,

room temperature clamped dielectric constants 5?1 and 523, deter-
mined by this work, are in good agreement with the values for 511

3,5)

and €zq¢ estimated from infrared reflection spectra and from

53)

Raman scattering. Clamped dielectric constant 5?1 in LiNbO3

increases slightly with increasing temperature, as shown in Fig.
3,53)
3 ’

frequency E mode with large oscillator strength shows a gradual

1i1(a). According to the Raman results for LiNbO the low-

decrease with increasing temperature, while the other E modes re-
main approximately constant. Thus, variation in 5?1 for LiNbO3
corresponds to the shift in the E mode with temperature. The in-

Crease in 8?1 for LiTaO, may also be due to the shift in the low-

3
4)

frequency E mode. Johnston and Kaminow found that only one A

1

mode decreases considerably with increasing temperature,in marked

—-42-



contrast to the other optical modes. Due to mixing with the E
modes, they had difficulty in following the A1 mode at high tem-
peratures. They concluded that the intensity-weighted mean fre-
quency @ of the soft-mode structure iﬁ these crvstals varies as

5

(TC—T)O' in the temperature range up to 1200 K. As indicated in

Figs.22 and 23, the quantity 52 is proportional to the inverse

susceptibility (x§3)—1 over a wide temperature range. Consequent-

ly, temperature dependence of % and (x?s)_l can be accounted for

in terms of LST relation given by eq.(5.3), on the assumption
that 533(W) is temperature independent. Thus, the results
4)

reported by Johnston and Kaminow seemed to be in favor of the

soft-mode phase transition in LiTa0, and LiNbO,, with the excep-
tion of the temperature range near TC‘

Recently, Raman spectra in LiTaO3 and LiNb03 were reexamined

by Zhang and Scott21), and by Okamoto et al.zo), respectively.
According to their results, the soft Al mode 1is overdamped and
coupled with the relaxation process at high temperatures. They

analyzed the Raman data using a response function G(m),54_56)

2 52 )1

Glo) = (a5, -0° -i70 - —o=0—)"", (5.4)

where § and <7 denote the strength and characteristic tinme,
respectively, the relaxation process coupled to the soft mode,
and 7 is the damping constant for the soft phonon. In eq.(5.4),
@ represents the soft-mode frequency, deduced from the Raman
experiments. The inverse clamped dislectric susceptibility
(7533{3)—1 is expected to be proportional to squared soft-mode fre-

2 2 2 .
quency Wg where @y= m“; 62. Figures 22 and 23 indicate, however,

-



that the relative values for (123)—1 deviate significantly from

those for m2-62 at high temperatures. The reason for this dis-
o0
2

crepancy may be attributed to the underestimation for the §
values near TC' They pointed out that parameter 52 is ambiguous,

20,21)

compared with effective coupling parameter 52z. Thus, com-

parison with (x§3)_1 implies that the coupling ternm 52 for these

crystals increases considerably with increasing temperature.

Miiller at al.lg)

deduced soft-mode frequency in LiTaO3 from
infrared reflectivity data and found that its frequency remains

finite at TC' The coupling term 52 in eq.{(5.4) may contribute to

the finite value for squared soft-mode frequency wg.

(3) Dielectric dispersion

For LiTaOs, both dielectric constant 533 and conductivity O34
a marked dispersion over the wide temperature range,including TC’
as indicated in Figs. 8 and 10. In the PE phase of LiNbOS, 533

varies with frequency from 1 MHz to 13 MHz, as shown in Fig.11

(c). Note in Fig.9(b) that for LiTa0 , the difference in 153 be-
tween 10 kHz and 13 MHz is approximately independent of tempera-

-1
X33

ture above 850 K. Similarly, for LiNbO3 the difference in
between 1 MHz and 13 MHz is nearly constant in the range between
1435 and 1495 XK.

Frequency-dependent conductivity ¢g(@) is connected directly

with the imaginary part of dielectric constant e". From the

Maxwell equation, oii(m) is described as



o:.{w) = EQEL - (5.5)

"o
11 B

Results for 044 and O3 3 in LiTao0 are presented in Fig.10. In

3

marked contrast to Ogg- is practically fregquency independent,

011

up to 13 MHzZ. For these crystals, frequency-independent conduc-
tivities 044 increase with increasing temperature. This implies

that LiTaq3 and LiNbO3 have a semiconductive character at high

tenperatures. Figure 24 indicates the imaginary part of dielec-
tric constant sgs in LiTaqg, obtained from the anomalous part of

At increases with increasing fregquency. Above 1000

13
Ter €33

becomes small and variation in 553 with frequency disap-

033"
K, €3,

pears. In contrast to gl the real part

337 has frequency

!
€33
dependence up to 1200 K. Figure 25 shows the Cole-Cole plot

obtained from imaginary part 553 vs. real part 553 at 880 K for

LiTaOS. It has been appreciated that the dielectric response in
the order-disorder character ferroelectrics 1is given by a Debve
relaxation‘equation,

A

Trigr (5.6)

€ = g'+ig" = gloo)+

where A is a constant. The Debye form with a single relaxation
time 7 is based on the model of a dipole with two equivalent
positions acting under the influence of an average local field.
For LiTaO3, the Cole-Cole plot in the frequency fange up to 13
MHz cannot be described by eqg.(5.6). Consequently, the present

results for deny the possibility that the phase-transition

€33

mechanism in LiTaO3 is of a pure order—-disorder character.

—45~



17,18)

In the SD LiTaO crystal, Penna et al. reported dif-

3

fusive central mode near TC and the anomalous polariton disper-

sion above 660 K. They analyzed the central mode using the Debye
relaxation equation and found that the relaxation time near TC
. -12 21) .

is of the order of 5x10 sec. Zhang and Scott assigned the

broad peak centered at @=0 in LiTaO3 near TC to the Al soft mode.

They reported that damping constant <7 in eq.(5.4) increases

considerably with increasing temperature and that the relaxation

time at TC is 2.6><10“12 sec. However, the dielectric dispersion,

observed in the frequency range between 10 kHz and 13 MHz, cannot

be fitted by eq.(5.6) with the relaxation time of the order of

10—12 sec. Comparison of these results implies that the dielec—-

tric dispersion in LiTa0, is characterized by multiple relaxation

3
times.

8)

Penna et al} attributed the anomalous polariton disper-

sion to domain fluctuation below TC’ As indicated in Figs.5 and

6, elastic—-constant measurements clarify the distinction between

the SD and the MD state just below T Furthermore, dielectric

o
dispersion exists in the PE phase of LiTaq3. Consequently, the
domain fluctuation model appears incompatible with the elastic-
constant and dielectric-constant data.

Dielectric dispersion, associated with the soft phonon, is
expected to be found at infrared freguencies. Thus, the disper-
sion observed for these crystals is imcompatible with the under-

4)

damped soft-mode behavior presented by Johnston and Kaminow.

57)

According to Lines, an anharmonic potential is responsible for



order-disorder character in Li ion distribution in these
crystals. The lowest—order electrostrictive interaction between
strain and polarization 1s inadequate to interpret temperature
P E x ,-1_, X -1

C and (133) (x33)

33" C33 Therefore, the di-

dependence of C
electric dispersion and the significance of higher-order inter-
action may be interpreted in terms of the anharmonicity in soft-
mode phonon.

Figure 10(a) indicates that the anomaly in 054 for Li'I’aO3 is
associcated with the phase transition, because frequency-

dependent conductity 043 exhibits a peak at T The O34 behavior

c
may be related to the defects which become mobile near TC'
Halperin and Varmass) discussed the influence of defects on
susceptibility near a displacive phase transition and showed that
the gquantity 62 in eqgq.(5.4) is proportional to the defect concen-
tration. They predicted that the difference between the static
and dvnamic inverse susceptibility, caused by defects, would be

practically independent of temperature. As shown in Figs.9 and

12, the results for X;; above T, appear consistent with the above

C

prediction. As illustrated in Fig.2, the change in Curie temper-

ature 1s related to the deviation from the stoichiometric com-

position?y'sa) The neutron scattering measurements revealed that

Li atoms above TC occupy two equivalent positions on either side

14,15)

of the oxygen plane. Thus, the coupling of scft mode with

vacancies or Li ion motion may give rise to the dispersion.
As shown in Figs.9%(b) and 12(b), the difference in (7(33)“1

with frequency is small in the PE phase of LiNbO3, in marked

-7



contrast to the case of LiTaOS. In view of this, the soft mode
in LiNbO3 may couple with the relaxation process weakly compared
with the soft phonon in LiTaOS.

59)

Lohnert et al. studied the Mdssbauer spectroscopy of

181Ta nucleus in LiTaO and pointed out that a charge transfer

3
from neighboring oxygen ions to the central Ta ion increases non-
linearly as a function of temperature. The dielectric dispersion

may be influenced by change in the electric structure with

temperature.



86 Conclusion

Elastic and dielectric properties of LiTaO_, and LiNbO3 have

3
been investigated over the temperature range from 300 to above
980 K. Both elastic—constant difference C?i—c§i and inverse-
. . S . x ,—1 X -1
dielectric—susceptibility difference (xmm) —(xmm) have been

interpreted consistently, on the basis c¢f the interaction between

strain x and polarization P. Electrostrictive interaction qu2

T
is inadeguate to explain the temperature dependence of C?i—czi

and (xim)_l—(xﬁm)_l. Higher—-order interaction rxP4 contributes
P E Xx -1 X -1 :
to both 033—033 and (x33) —(x33) . These results may be

attributed to the anharmonicity in soft phonon.
Both susceptibility Xg3 and conductivity O35 in LiTaO3 ex-
hibit +the marked dispersion over the wide temperature range,

including T Susceptibility Xag in the PE phase of LiNbO3 shows

c
a slight dispersion. A comparison of the dielectric results with
soft—-mode fregquency suggests that the soft mode couples with the
low—-frequency relaxation process near TC. The dielectric disper-
sion may arise from the motion of Li ions or vacancies. The
results for Cii and Xnm imply that the phase transition in LiTaO3

and LiNbO3 has an intermediate character between displacive and

order—disorder categories.

—-49-
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Table I. Relationship between acoustic modes and elastic

stiffnesses in the SD and MD crystals.

Acoustic mode Velocity Elastic stiffness
Propagation Polarization SD crystal MD crystal
direction direction
E 1
X X 4l Cll Cll
P 1
Z Z Vs C33 C33
o 1
Z Xor ¥ vy C44 C44
E 1
¥ X Ve Ces 66




Table II. Dielectric constant values for LiTaO3 at 293 K.

Capacitance measurements

Present work Teague
et. al.44)

f(Hz) 10 k 100 k 1 M 10M 13 M 1 G
€41 53.5 53.5 41.7 40.6 40.3
€3 42.4 42.2 42.0 39.2 38.8 41.4

Infrared reflectivity Raman scattering

Barker et. al.s) Kaminow & Johnston53)
X
€11 41.5 41
b4

€43 37.6 43




Table [I. Dielectric constant values for LiNbO3 at 293 K.

Capacitance measurements

Present work Teague Ohmachi
et. al.44) et. al.zs)
f(Hz) 10 k 100 k 1 M 10M 13 M 1 G 9 G
€11 84.2 84.4 79.1 44.7 45.2 43.9 42.5
€34 29.2 29.2 29.2 26.1 26.7 23.7 26
Infrared reflectivity Raman scattering
. 3) , . 53)
Barker & Loudon Kaninow & Johnston
b4
511 41.5 424

£n3 26.0 29




Table [V. Room temperature values for C?., c>., ng

LlTaOS.

i ii

and a .
m

1

in

Observed value

Estimated value

ct, 2.328x10%1 N/m? ¢t 2.43%x10%! N/m?
ct, 2.839 ct, o 2.13
cy, 0.941 ct, 1.15
ct, 0.931 ch, 1.04
Yamada et al.zz)
st, 4.e8x10”'% n?/N a, . 7.5%10° N/C
st -0.16 a,, 5.5
sty -1.17 a,, -—0.3
Sh, 4.14 a,, 5.6

¥

=Y




' P E P .
Table V. Room temperature values for Cii’ Cii' sij and ami in
L1Nb03.

Observed value Estimated wvalue

c?,  1.987x10't N/m? ¢t 2.15x10'! N/m?

P E
Casg 2.509 \ Cry . 2.44

E P

C44 0.5985 C44 0.95

E P
066 0.719 C66 0.88

43)

Warner et al.

st, s5.20x107 %% n?/N a,s 9.3x10° N/C
st, -0.44 a,, 6.3

st, -1.45 a,, 0.8

ST, 4.89 a,, 4.9

st 10.8




Fig.

Fig.

Fig..

Fig.

Fig.

Figure Captions

1 Crystal structure of LiTaO3 and LiNbOs. (a) In FE phase

(b} In PE phase. In FE phase {(a}), the distorted octahedra,

composed of oxygen atoms (large circles) contain, in
sequence, Ta or Nb atoms (hatched circles)}, vacancies and
Li atoms (cross—hatched circles). In the PE phase of

LiTaO3 {b), Ta atoms are located at an octahedron center,
and Li atoms occupy two eguivalent positions, on either
side of the oxygen plane with egqual probability. The
arrangement of Ta (or Nb) and Li atoms with respect to
oxygen planes (solid lines) in FE phase (c) and PE

phase (e). {d) Structure of LiNbO, above TC proposed by

Abrahams et al.*g)

Phase diagram for the LiZO—NbZO5 system (After Carruthers

et. al.37))

Apparatus for ultrasonic velocity measurements. The phase-
comparison method was improved so that automatic velocity

measurement could be made at high temperatures.

‘Typical overlapped echo amplitude as a function of fre-

guency. Amplitude exhibits minima periodically. >Arrows
refer to frequencis fn at which there 1is an integer n
of wavelength in twice the sample thickness.

Temperature dependence of elastic constants in LiTaOS.

Elastic constants for SD crystal are denoted by C

Ci4 and Cge, while those for MD c¢crystal are denoted by
T 1 1 1 1

Cll’ C33, C44 and C66’ Linear temperature dependence for

CP CP and CP (broken lines) is assumed Open and
11" T44 66 )



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10

11

closed circles refer to room temperature C?i values taken

) 43)

papers published by Yamada et al?2 and by Warner et al. ;

respectively.
Details of elastic constant vs. temperature relation in

Cij for L1Ta03 near TC‘

Elastic constants as a function of temperature in LiNbO3.

Room temperature value for CE

33 Wwas obtained from the

present results for CP and x§3 , and the a value by

33 33
Warner et. al.43) Cii and sz were obtained by
linearly extrapolating 024 and C§6 in the range between

300 and 450 K to higher temperatures.

Temperature dependence of dielectric constants €3 in

LiTaO3. (a) 511 along the Y axis. {b) 533 along the Z
axis. {c) Details of 533 near TC‘

Inverse dielectric susceptibility x;é in LiTaO,. (a) X;;
as a function of temperature up to 1200 K. {b) Details of

-1 _ -1 . . .
X,5 Dear TC—868 K. Note that Xa3 shows dispersion in

the PE phase.

Temperature dependence of conductivity Oj3 in LiTa0

x
(a) 033 along the Z axis. (b) o11 and 033 at 10 KHz and
10 MH=z.

Temperature dependence of dielectric constants €y and
loss tan § in LiNbOS. (a) 511 along the Y axis. {b) 533
along the Z axis. Below TC' the €33 values at 10 kHz, 100
kHz and 1 MHz represent 5§3, while the 533 value at 10 MH=z
represents 523. (c) Details of €45 Dear TC' {d) tan §

along the Z axis.
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Fig.13

Fig.14

[IrY
]

Fig.

Fig.19

Fig.20

. e - X . -1
Inverse dielectric susceptibility xsé in L1Nb03. (a) X33
as a function of temperature up to 1520 K. (b) Details of
X ;3 near T.=1410 K. Note that X;; shows dispersion in

the PE phase.
Temperature dependence of conductivity Og4 in LiNbOs.
Conductivity 041 is similar in behavior to Ogq+ UP to

1200 K.

-1
Dielectric constats €33 and inverse susceptibilities xsg

in LiTaO3 and LiNbOS, as a function of reduced temperature

T/TC‘
. E E . . . .
Elastic constants C11+C12 and C11+C12 in L1Tao3. Data are
obtained fronm CE CE C!.and C!
117766"711 66 °

Elastic—constant differences - CP —CE and c! —CE in

- 44 T44 44 44
LiTaOB. Each plot is normalized to unity at 300 K.
Elastic—-constant difference Csi-C?i in LiTaO3. (a) Each
plot is normalized to unity at 300 K. (b) Details of
Cis—cgs near TC' The solid curve is obtained from eq.

(6.1) with the parameters given in the text.

P E b4 b 4 -1 DA -1
T - —
emperature dependence of (C,~C/,)/x .+ (Xgp) (Xpm'
2 .
and Ps for L1Ta03. Each plot is normalized to unity at
300 K (a) or T-T.=-200 K (b). The P data are taken from
the measurement by Glass.zs)
Elastic-constant difference C?i—cﬁi in LiNbO3. Each plot
is normalized to unity at 300 K.
P E x x -1 X -1
Temperature depend .. =C7 . -
P P ence of (C11 Cll)/xmm, (xmm) (Xmm)

2 .
and Ps for L1Nb03. Each plot is normalized to unity at



Fig.21

Fig.22

Fig.23

Fig.24

Fig.25

2
300.K. The PS data are taken from the unpublished work

by Glass.51)

Elastic—-constant difference in LiTaO3 and LiNbO3 as a
function of reduced temperature T/TC.

Inversé susceptibility and squared soft-mode frequencies

for LiTaOS. Each plot is normalized to unity at 300 K.
The triangles represent the méan sqgquared soft-mode
frequency az determined by Johnston and Kaminow.4) The
The solid and open sguares denote wi;and wio—az .

21)

respectively, determined by Zhang and Scott. The solid

circles denote sguared soft—-mode frequency, determined by

19) The open circles refer to the constant-

strain inverse susceptibility (xfs)—l, obtained by the

Miiller et al.

present work.
Inverse susceptibility and squared soft-mode freguencies
for LiNbO3. Each plot is normalized to unity at 300 K.

The triangles represent the mean squared soft-mode

frequency az, determined by Jchnston and Kaminow.4)
The solid and open sguares denote mi}and mio—ﬁz '

20)

respectively, determined by Okamoto et al. The open

circles denote the constant-strain inverse susceptibility

(x§3)‘1,obtained by the present work.

Dielectric constant 553 in LiTaOs.

Imaginary part vs real part of the dielectric constant as

a function of frequency at 880 K in LiTaO {Cole-Cole

3
plot).
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