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Temperature dependence of the Raman modes in LiNbQand mechanism of the phase transition
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We have performed Raman-scattering measurements on Lilb@ function of temperature. In the con-
figuration ZZ) both a soft phono®; (TO) and a quasielastic scattering have been observed and carefully
analyzed within a model including a decoupled damped oscillator and a Debye relaxation mode. Good agree-
ment was achieved in the dielectric constant between the calculated values deduced from Raman studies and
the experimental data reported by Tomeno and Matsumara. This agreement proves the validity of our fitted
phonon parameters and supports the mainly order-disorder character for the ferroelectric-paraelectric phase
transition of LINbQ,. [S0163-182@7)05533-1

[. INTRODUCTION study: (i) we measure the temperature dependence oAthe
spectrum in the whole frequency range from 0 up to
Lithium niobate(LN) is a well-known material for appli- 900 cni?, (i) we study the possible existence of the quasi-
cations in nonlinear optics, optoelectronics, and acousticglastic scatterindQES in various configurationsiii) we
Surprisingly, the mechanism of the structural phase transidse a simpler and more realistic modg\,) we discuss the
tion from the paraelectric to the ferroelectric phase occurringeliability of our results with other results which were inde-
around 1400 K is not clearly elucidated and is still the objectpendently obtained, specially by dielectric measurements.
of controversy despite several investigations. By means of
the Raman-scattering measurements a softening of a phonon
mode of A; symmetry was observed in the whole tempera-
ture range up to the Curie temperatdifeln contradiction A. Room temperature
with this soft-mode picture, Okamoto, Wang, and Stott
have shown that the lowest frequency phonon is nearly corny,
stant in frequency and highly damped but is coupled with &0
guasielastic scattering. Therefore they concluded that th
phase transition in LiNb@should be described rather by an

T vallable way 10 cisarimivate between both these view ST I N(Z2)Y configuration is shown n Fig. 1. As

is to compare the dielectric permittivity measured at Iowexpected accordlng to the group theory, four peaks are de-

frequencye (exp) and the value of the dielectric constant tected and are lying around 252, 275, 332, and 632'cm
They are denoted, respectivelyy; (TO,), A; (TO,), A;

calculated from optical-phonon frequencies(calc. Re- :
cently, Tomeno and Matsumdrahowed thate (calg de- (TO3), andA, (TO,). A shoulder of theA, (TO,) peak is
additionally visible in the spectrum. This scattering around

rived from results reported by Okamoto, Wang, and Scott 1 .
significantly deviates at high temperatures, from their dielec—700 cm~ is probably caused by two-phonon density of

tric data. On the contrary, their data are closer to the value states as shown in Ref. 5.
(calg deduced from Raman measurements of Johnston and
Kaminow! although a complete agreement betweegalo)

and ¢ (exp was not achieved in the whole temperature

TO, A, (T0)
range. In the present study we show that, by means of 5 gyl To, | X@o¥
Raman-scattering results, we are able to reconcile the dielec- 1O,
tric data obtained at low frequency with values of the dielec- 600 |
tric permittivity derived from the optical-phonon measure-
ments. 400 -

In this Raman investigation we pay careful attention to
obtaining meaningful information, both directly from experi- 200 TO, a
mental features and indirectly from a model. The confidence o | /

on the parameter values derived from model calculations, 0 200 400 600 800 1000
and thus the validity of the model, depend on their reliability
with the information which is deduced from other tech-
niques. FIG. 1. RamarX(Z2)Y spectrum recorded at room temperature

Compared with the previous paper of Okamoto, Wangin a nearly stoichiometric LiNb@crystal. It shows four; (TO)
and Scoft we point out the differences as follows in our first-order phonon peaks and a second-order phonon @nd

1. EXPERIMENTAL RESULTS

At room temperature an assignment of the Raman peaks
the optical phonons in LiNbOwas recently established
m measurements of function compositiGnghis allows

s to remove some ambiguities in the Raman spectra previ-
ously reported. Thé; (TO) spectrum recorded at room tem-

1000
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At 300 K our results are similar to those previously re-
ported, excepted foA; (TO3) which was not detected by
Okamoto, Wang, and Scottlt is known that some of the
properties of LN are dependent on the stoichiometric
defects®>’ Whereas the phonon frequency exhibits only a
small dependence on the composition of the crystal, the pho-
non damping is very sensitive to%itAs shown by Scott and
Burng this variation even constitutes a tool to determine the
composition variation in LN, from the congruent sample to
the stoichiometric on&® Even if we are not directly con-
cerned by it in the present study, the existence of intrinsic
defects related to the nonstoichiometry of the crystal could
lead to an erroneous interpretation of the quasielastic scatter
ing, if any. Therefore, among several pure LN samples, we
have chosen for our investigation, the crystal, the composi-
tion of which is closer to the stoichiometrx{=49.74%).
This compositionx.=[LiJ/[Li]+[Nb] was determined by
means of our calibration curve from the measurement of the
linewidth of the lowest frequencl (TO) phononE.‘ This line
is usually considered for this calculation since it is intense
and well resolved. Its damping is known to decrease when
the concentration of intrinsic defects diminishes, and thus the
stoichiometric compositionx.=50%) approaches.

Therefore we note an apparent contradiction in the inves-
tigation of Okamoto, Wang, and Scdtsince the damping of
the soft mode was found to be larger in the “stoichiometric”
sample (13cm?) than in the “congruent” sample
(11 cm'Y) whereas we obtain 9.8 crh from our data re-
ported in Fig. 1 for a crystal very close to the stoichiometric
composition.

B. Temperature dependence

We follow the temperature dependence of the spec-
trum in the whole frequency range, and not only in the low-
est part. Indeed, all optical phonons can, in principle, con-
tribute to the dielectric properties. Figure 2 exhibits the
(TO) spectrum recorded for various temperatures up to 1100
K.

Several features can be directly deduced from the obser-
vation of this temperature dependence. Well resolved at 30C
K, the two lowest frequency peaks are nearly indiscernable at
579 and 703 K. For temperatures larger thaf 80a shoul-
der appears in the low-frequency side of the most intense
peak. This means that when the temperature increases, th
second mode which decreases in frequency pushes down th
lowest mode. This anticrossing of the two lowest modes is
accompanied by an energy transfer between them. At highel
temperatures, above 900 K both peaks are again clearly dis
tinct and their separation becomes larger and larger when the
temperature continues to increase, so that the lowest mode i
peaked around 165 cm at 1100 K, reflecting thus a large
mode softening. It is also remarkable that all féur (TO)
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modes are resolved at 1100 K, despite their large broadening (b) Wavenumber (cm™ )

and the high temperature.
Beside the mode softening, we observe the clear appear-
ance of a quasielastic scatteri(@ES in the tail of the Ray- FIG. 2. Temperature dependence of tK¢ZZ)Y spectrum.
leigh line, for temperature above 700 K. This feature will beScattered intensity appearing at low frequency for temperatures
discussed in more detail below. above 700 K is the tail of a quasielastic scattering. The arrows mark
If we now pay attention to the very high-frequency rangethe second-order phonon bant® and (b) which occur at high
of the A; spectrumsee Fig. 2b)] and its thermal behavior, temperatures.
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FIG. 4. Temperature dependence of the quasielastic scattering in
the X(Z2)Y configuration. The low-frequency spectrum recorded
in theX(Y 2)Y configuration is nearly temperature independset
Fig. 3. The comparison points out the anisotropic character of the
guasielastic scattering.

interest than that of th&; spectrum because it is related to
the smaller dielectric constast,<e.. The nearly tempera-
l ture independence of the (TO) phonon frequency is con-
sistent with the nearly constant value of, with
temperaturé. It is the reason for which more attention is
devoted below to the analysis of tidg spectrum.

¥ y T " We come back to the QES and we compare in Fig. 4 the
0 100 200 300 behavior of the QES carried out in th, and E spectra,
respectively. In the £Z) spectrum, the QES can be unam-
biguously discerned from the Rayleigh scattering by the
FIG. 3. Temperature dependence of Y 2)Y Raman spec- Proadening of the tail in both sides of the Rayleigh line. The

trum. We note the large broadening of the lines without apparentntensity OT this scattering increases with temperature. In
shifts in frequency. contrast with the ZZ) spectrum, the Y2) spectrum dis-

plays, in the same experimental conditions, at low frequency
only the elastic scattering which is nearly independent of
we note that the shouldd€r) of the fourthA; (TO,) peak temperature.
possesses a relative intensity which becomes larger and This means that the QES and the relaxation process re-
larger compared with thé, (TO,) intensity as the tempera- |ated to it, are largely anisotropic: it does exist along the
ture increases. This corroborates that the péakg around  ferroelectric axis only which corresponds to tAe phonon
696 cm* at room temperatujeoriginates from the two- polarization. In addition we note that there is no intensity
phonon density of states. Above 900 K, another band degansfer between the soft-phonon peak and the QES. Both
noted (b) [see Fig. 2a)] which is unexpected according to intensities increase simultaneously with temperature. We
the group theory, occurs at low frequency between the QE§ummarize the main features derived from the experimental
and the soft-phonon peak. This scattered intensity extendingata. The temperature dependence ofAhgTO) spectrum
from 40 up to 100 c', is nearly absent in the spectrum at shows the coexistence of a large phonon softening and a
low temperature. Since its intensity seemingly increases "kequasielastic scattering. Since all one- or two-phonon peaks,
wise as the ban¢h) around 700 cm', it can be attributed to a5 well as the QES, can be clearly discerned and assigned,
a similar process. As shown in Ref. 5 the temperature depeRhe results thus do not suffer any ambiguity and will be con-
dence of the intensity of the broadban@ and (b) prove  firmed below by the analysis of the data with an appropriate
that they originate from a second-order process. The presnodel. Spectra reported by Okamoto, Wang, and Scott,
ence of such an intense two-phonon scattering is in fact 8eem to be of lower quality and the peaks less resolved than
characteristic of the Raman spectrum in the oxidegyr spectra. Moreover the signd), was erroneously attrib-
crystals®** and is induced by the large polarizability of the yted to a leakage of thE phonon. Indeed no scattered in-
oxygen ion, as shown by Migoni, Bilz, and"Berle” by  tensity is detected below 100 cthin the E (TO) spectrum.
means of lattice-dynamical calculations. Moreover this scatyye thus estimate that the bafig) should not be neglected in
tering can be strongly affected by nonstoichiometric defectgne fitting procedure, particularly at high temperatures.
which break the Raman selection rufes.
Now we turn to the thermal behavior of the spectrum
recorded inX[Y Z]Y corresponding to the detection of the Ill. MODEL
E (TO) and E (LO) phonons(Fig. 3). As the temperature
increases the lowest phonons shift down slowly but rapidly As usual, the Raman scattered intensity can be written in
broaden. The behavior of the spectrum usually merits less terms of the imaginary part of the dielectric permittivity, as

Raman Scattered Intensity (arb. units)

Wavenumber ( em’! )
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l(w)=K[n(w)+1]e"(w), (D)

wheren(w) + 1 is the Bose-Einstein population factor for the T=1016 K

Stokes scattering, anld is a proportionality factorK de-
pends on various experimental conditions, like the laser
power, the characteristics of the used optical components,
the spectrometer, and the amplifier together with the charac-
teristics of the crystal, such as the crystal absorption. It is
therefore difficult to explicitly calculate. As it is a constant
for all modes, for a given temperature and a scattering ge-
ometry,K is deduced from the fit calculations.

As the various peaks are discerned in fkhe(TO) spec-
trum, we consider that the dielectric response arises from the
simple superposition of damped harmonic oscillators and a
Debye relaxation to describe the phonon peaks and the QES,
respectively. Indeed there is no experimental indication for
any intensity transfer or coupling between peaks. We there-
fore write the phonon dielectric response as

Intensity (arb. units)

800

gi(w)=Aewig(wio—w?~joy) Y, ) 600
and the relaxation response as 400_-

1 i i
e(w)=Ae,(1+jwr) L, (3) 2004 ; : 1
0-L y T é'\& T 'Jig éLI T

where w1gi, i, andAg; are, respectively, the frequency,
the damping, and the oscillator strength of thie TO pho- 0 200 400 600 _1800 1000
non, while Ae, and 7 are the relaxation strength and the Wavenumber (cm™)
relaxation time. In the fitting procedure, there are the factors

KAeg;= a; for each phonon andAe,= a, for the relaxator,
which are in fact adjusted. This means that, in principle, th

oscillator strength is calculated independently of the fit of the i .
Raman spectra from the LO-TO splitting as wherea andb are the low- and high-frequency limits of the

phonon peak.
wLO,i)z_l H

, T2 2
WTO,i k#i WTok™ @70

FIG. 5. Three examples of the agreement which is achieved
é)etween experimentdtircle pointg and calculated spectgéines).

2 2
@ ok~ D70

Si=¢x

: (4) IV. ANALYSIS OF THE RESULTS AND DISCUSSION

h is the dielectri ical f . We fit the A; (TO) Raman-scattered intensity to Ed)
where e, is the dielectric constant at optical frequencies, .y, ¢(w) given by Eq.(2) or Eq.(3) in the whole frequency

taken as the square of the refractive index. = ~1 :
This method thus needs the knowledge of all LO and Torange(lo 1000 cm?). As the spectrum was recorded in the

f . ¢ ht i The si d th lue cAme experimental conditions for all temperatures, we can
requencies at each temperature. The sign an € valu€ s obtain the thermal behavior of all characteristics of each
the stren_gtr& depend both on the assignment of the TO-LO honon(frequency, damping, and strengind of the relax-
frequencies of each phonon. On the contrary, the sum d

ator (time and strength These last parameters are deter-
noteds of all S does not depend on the model and thereforgpine g with a larger confidence if low-frequency data in both

is characteristic of the permittivity. We can use this quantityg;qag of the Rayleigh linésee Fig. 4 are considered. Some
S_as the sum_o& deduced from _Eq(.4), to indirectly deter- examples of the agreement which is achieved between ex-
mine the oscillator strength¢; with each phonon from the perimental and calculated spectra are reported in Fig. 5.
fitting of the Raman spectra. We proceed as follows. At eac Figure 6 displays the temperature dependence of the fre-
temperature, we obtain by adjustment of the spectrum th‘auency and damping of the lowest (TO) modes. It is
quantitieSwr,i, 7, ande; for each phonon together with  ¢jeary seen that the lowest mode exhibits a large softening

anda, . As we havex o; =KX A¢;=KS, we deduce the con- ish increasing temperature from the value 252 ¢mat
stantK for each temperature &&=3 «;/S. Then we derive room temperature down to 160 ctat 1100 K.

the oscillator strength for each phonon and the relaxator Simultaneously its damping hugely increases so that the
StrengthAerar/K. The quantityAE (AS,—) is rea”y the soft mode becomes hlghly dampe;zl’(o~l) at 1100 K. The
contribution to the dielectric constant of the phoneelax- characteristics of the second mode (TO,) follow similar
ator). IndeedA¢; can be deduced from the integration of the but less pronounced thermal behaviors as those ofAthe
r_nodifigd integrated intensity via the Kramers-Kronig rela-(-l-ol) mode. TheA, (TO,) behavior is usual for each nor-
tionship: mal phonon mode, owing to the dilatation of the unit cell and
" the increase of anharmonicity with the temperature.
2 (® (@) E Ja &'(w) =A (5) Itis to be noted that in Fig. 6, we have chosen to represent

Kr lp o[n(@+1] 7y o as continuous the characteristicemping and frequengyf
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FIG. 6. Temperature dependence of the phoaand damping

v for the two lowestA; (TO) phonons, as deduced by the fit. .
FIG. 8. Temperature dependence of the oscillator streAgth

] o ] _ for eachA; (TO) phonon and for the relaxation mode. Note the
the two lowest modes. This originates from an anticrossinghange in the scale.

occurring between them when the temperature increases. The
e e meenes o o e T et mode gy Silar el behaors They
implies that the ionic motions associated with the (TO,) oth increase nicely with increasing temperature up to 900
andA, (TO,) modes are transferred to each other. Figure 7% @nd then more quickly on approaching the phase transi-
shows the temperature dependence of the frequency arfign. Itis necessary to note the differences in the magnitudes
damping of theA; (TO,) andA,; (TO,) phonons. As for the Of the strengthss;, Aey, andAe;. At 1100 K, As; andS;
A, (TO,), the parameters exhibit the thermal behavior ex-Nave nearly the same valugsqual to 17, just above the
pected for a phonon with increasing temperature. value of A, at room temperature. Therefore it is clear that
The temperature dependence of the strength for th#he soft-mode strength is preponderant in the whole tempera-
phonons and the relaxator is shown in Fig. 8. The oscillatoture range, even if the relaxator strength considerably in-
strengths of thé\; (TO;) andA; (TO,) modes are small and creases at high temperatures.
nearly constant in the whole temperature range. The strength Now we discuss the temperature dependence of the
Ae, of the A; (TO,) phonon is small up to 600 K, then “last” parameter derived from the fit, i.e., the relaxation
exhibits an increase and reaches a nearly constant value bime. As shown in Fig. 9, the inverse relaxation time displays
tween 900 and 1100 K. The strengths of the soft mode and critical slowing down with increasing temperature. The fit
of the values ofr ™! to 7 =751 (To—T)/T, yields 75 *
=53 cm ! and T,=1310 K. We note the relatively large

700 values of 7% or 75, which are comparable to the usual
600, * e e . ., oo ee 0 TO values of _the soft-mode frgquency. This is consistent with
* the detection of the relaxation processes by means of Raman
scattering in the low-frequency phonon frequency range. It is
_~ 2907 1 interesting to compare the 1(T) plot with the temperature
g dependence of the soft-mode frequency squared, reported in
; 400+ T the same figure. The plot mf%ol (T) is extrapolated to zero
T ° 8o g g, . at a temperature much larger th&ig=1310 K. This means
g 300 o0 o m 0T0s) that, even if the soft mode and relaxation processes both
A~ contribute to the mechanism of the phase transition, the re-
2001 . laxation mode is finally dominant to drive it.
In fact, this description of the transition mechanism as-
1004 - 7(TOY] sumes that no additional process exists at a frequency still
g v Y 1(TOY lower than the relaxation mode frequency. In other terms, it
ol X L4 4 aaaasm 77 is necessary to check if the dielectric permittivity repro-
200 400 600 800 1000 1200 1400 duces the values and the thermal behavior of the dielectric
Temperature ( K ) data as measured at low frequency alongzleis. For this,

we calculate the values af (calg), as the sum of the relax-
FIG. 7. Temperature dependence of the phonand damping  ation (Ae,), phonon Qeg;), and electronic £.;) contribu-
v for the two highes®A; (TO) phonons, as deduced by the fit. tions.
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@ ! o8 —40.4 along thec axis. The valueg (calg are deduced from our Raman
2 10‘_ 1 results via Eq.(6) wherease (exp) represents the direct data ob-
2 5 102 tained by Tomeno and Matsuma(Ref. 4 at 10 MHz. Inset: Tem-
= 0 : 1 0.0 perature dependence of * (calo).

' 1 T T T 1 ' i v T T -
200 400 600 800 1000 1200 1400
Temperature ( K ) ation process evidenced by the quasielastic scattering, and

confirms that this relaxation mode triggers the phase transi-
FIG. 9. Temperature dependence of the soft-phonon frequenctions in LiNbO; (Fig. 9). It can be underlined that the(exp
squared and the inverse relaxation time. Full symbols denote valuezan also be reproduced according to the Kramers-Kronig re-
of 7~ which are deduced from the fits with a large confidence. lation [see Eq.(5)] in integrating directly the experimental
scattered intensity in the whole frequency range.
e (calg=Ag, +3Ag;+e,=Ag, ey, (6) Consistent with the agreement achieved betwe¢exp
ande (calg as deduced from Ed6), the lattice contribution
where g is the lattice contribution te. This relationship ¢ (lat), which is equal toe (exp) for temperatures between
allows us to rely ore (calg and the measured valug(exp), 300 and 700 K, is unable to reproduee(exp) for higher
even if an extradispersion exists between piezoresonancégmperatures. The soft-phonon contribution is dominant in
and the lowest optical-phonon frequency. This is not possibl¢he noncritical temperature range only. Similar results were
with the value ofeprovided by the Lyddane-Sachs-Teller reported in other oxydic ferroelectrics such as KNQef.
(LST) relation, e (LST), which in fact is equal ta,. Our  13) and BaTiQ.*
valuese (calg) can be compared with the experimental val-  Another interesting result is reported in the inset of Fig.
uese (exp) as measured by Tomeno and Matsurfiatafre-  10. The reciprocal calculated dielectric constant shows a lin-
quencieg10 MH2) above piezoresonances, i.e., the clampecear decrease™* (calg aC(T§ —T) with T§ =1260 K. This
dielectric constant. The crystal used in their experimentyalue is very close to that derived from the plot(T):
concerned a congruent sampbe- € 48.74%), with a Curie  T,=1310K and confirms the interpretation of the phase-
temperatureT ¢ (exp)=1410 K Therefore it could be con- transition mechanism as given above, sincécalc) takes
sidered as suspicious to compare their results with the Ranato account of the relaxation mode contribution. The agree-
man data obtained in a sample with a different compositiorment achieved between the experimental dielectric data and
(Xc=49.7%). In fact in the temperature ran@@0-1100 the calculated values in the whole temperature range proves
K) which corresponds to the relatively small valueseof also the validity of the model used to obtain the parameter
(from 26 up to 128 the absolute change due to the compo-values entering the calculation ef(calg).
sition is very small. Probably this variation is much stronger The choice of a suitable model is of great importance for
in the vicinity of Tc whenej is larger, which should partly the analysis of the experimental data even if the Raman spec-
reflect the dependence @t on the crystal compositiolf.  tra recorded in LN versus temperature do not exhibit signifi-
Therefore, in the temperature range 300—-1100 K covered bgant changes among authors. Indeed, whereas a good agree-
our Raman studies, we think the comparison between oument is achieved between(exp and our values (calog), it
results and the data of Tomeno Matsumara is valid. was shown in Ref. 4 that the results obtained by Okamoto,
Figure 10 shows the temperature dependence of both Wang, and Scottdisagree withe (exp) in the whole tem-
(calo, ande (exp), and points out the remarkable agreementperature range, and those reported by Johnston and
between these values in the whole temperature range. It Kaminow! are closer tos (exp), but significantly deviate
necessary to remember that valuegcalc) ande (exp are  from & (exp) for temperatures larger than 800 K.
obtained by separate and completely independent ways. This These results were obtained assuming a coupled
important result proves that no extra dispersion exists berelaxator-phonon response function and a purely soft-phonon
tween 10 MHz and the frequency characterizing the relaxresponse, respectively, to fit the Raman data. On the con-
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Scott? In their paper bottA; (TO,) andA; (TO,) phonons

25+

are nearly constant in frequency whereas the damping of the
201 de, A; (TO,) mode is exceptionally large. In our opinion, the
15+ model proposed by these authors is unrealistic and thus leads

to an erroneous interpretation. Indeed there is no argument to
invoking a coupling between the QES and the lowest fre-

quency phonon, since experimental data do not give any evi-
dence of a transfer of intensity or strength between the cor-

Dielectric Constant
[

100 - responding peaks. This model therefore leads to a picture of

g0l Ae, the lowest phonon which has a nearly constant frequency,
whereas the corresponding peak, clearly resolved, shifts

60 down. Therefore these results are rather artificial. Moreover,

40 as pointed out previously by Tomeno and Matsunfaitae

2 T=1016K dielectric constant as calculated from this model does not

reproduce the experimental dielectric data.

0 L . L ul
10% 107 10® 10° 10! 10! 102 1013
Frequency (Hz)

V. CONCLUSION

FIG. 11. Frequency dielectric behavior of LiNp@t two ex-

treme temperatureéschematic pictune In each temperature the
contributions arising from phonons, electrons, and relaxation modgal phonons in LINb@ Frequency, damping, and oscillator

are indicated. Note the change in the scale between the upper ark &rength have been determined for eAgh(TO) phonon. At
lower parts. high temperature, the low-frequendy, spectrum exhibits

the appearance of a quasielastic scattering beside the lowest

trary, based on the simple coexistence of a soft-phonon andfeequency phonon.
relaxation mode without any coupling, our model is the only  This spectrum has been fitted with a damped harmonic
one which is able to reproduce the experimental dielectrioscillator and a Debye relaxation mode without coupling be-
behavior. Consequently, we describe the dielectric dispersiotween them. TheA; phonon frequency continuously de-
in the whole frequency range above piezoresonances and itseases with increasing temperature whereas its damping
variation with temperature. This frequency dependence of hugely increases. Extremely anisotropic, the relaxation mode
is shown in Fig. 11 for two extreme temperatures. Thisexhibits a critical slowing down characteristic of an order-
figure points out the absence of any low-frequency disperdisorder phase transition.
sion below the relaxation mode and shows the contributions Our Raman data are able to reproduce the values of the
of various processes to the dielectric permittivity and theirdielectric permittivity along thec axis, as measured at 10
changes with temperature. MHz, in the whole temperature range. This remarkable

Now we can point out the differences between our result@igreement reinforces the confidence in the fitted values and
and those previously reported by Okamoto, Wang, andhe validity of the interpretation.

We have studied the temperature dependence of the opti-
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