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High-pressure Raman study of two ferroelectric crystals closely related to PbTi03
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We report high-pressure Raman measurements of the zone-center phonons in two ferroelectric
crystals that closely resemble the ABO3 perovskite crystal PbTi03. These crystals are
(pbo 22Bao 78)Ti03, i.e., Ba replacing Pb on the A site, and Pb(Tio 8lSno»)03, i.e., Sn replacing Ti on
the .B site. In both cases, at room temperature, we follow the modes and determine P„ the transi-
tion pressure from the ferroelectric tetragonal phase to the cubic phase, to be 4.3 and 9.0 GPa,
respectively. By observing the coalescence to the same frequency of the appropriate high-energy
A l(TO)+ E(TO) pairs of phonons, we determine the second-order character of the phase transitions
at P, . The tendency towards a second-order phase transition seems to be the rule at P, as long as
one makes the measurements at a temperature well below T, ; this is in agreement with theory.
Thus, these systems exhibit tricritical points in the (P, T) phase diagram. The soft-E(TO)-phonon
frequency (duo) and damping constant (y) can be measured to pressures reasonably close to P, while

the mode remains underdamped. These results are discussed in terms of a frequency-independent
damping constant for the behavior of coo and y near P, . In the (Pb,Ba)Ti03 crystal, the hydrostatic
pressure increases the intensity of the soft A l(TO) mode making it observable. This seems to hap-
pen in general in the perovskites. In the Pb(Ti, Sn)03 crystal we observe the coupling of the soft
E(TO) mode with an extra mode at 59 cm ', this also has been studied as a function of temperature.

I. INTRODUCTION

It is becoming clear that PbTi03, from a lattice-
dynamical point of view, ' behaves as a classic ferroelectric
material. In the high-temperature paraelectric phase it is
cubic (space group Pm 3m-0~ ) with the perovskite crystal
structure. Below the phase-transition temperature,
T, =492'C, it is tetragonal (space group P4mm-C4, )

with the Ti"+ ion shifted against its surrounding oxygen
octahedra.

Some time ago we reported the temperature depen-
dence of the (k=o) Raman spectra of the phonons in
PbTi03. The measurements were made at atmospheric
pressure as a function of temperature T up to T, . More
recently, we have reported the Raman spectra as a func-
tion of pressure P at room temperature. By combining
several experimental techniques we successfully measured
the Raman spectra to above P„ the transition pressure, to
the paraelectric phase.

In this paper we discuss the extension of these earlier
results to two mixed-system single crystals closely related
to PbTi03 and BaTi03. These are (Pbo 2zBao 7s)Ti03 and
Pb(Tios&Sno i9)03. Both are solid solutions having the
perovskite crystal structure, but in the first crystal the re-
placement is on the A site while in the latter it is on the B
site. %'e have measured the pressure dependece of the
phonon modes in both of these crystals, and the composi-

tion dependence of the modes in the Pb(Ti, Sn)03 system.
The temperature dependence of the modes in the
(Pb,Ba)Ti03 sample was reported previously.

II. EXPERIMENTAL DETAILS

The single crystals were grown from a flux of PbO-
B203 as described previously. ' The composition was
determined by comparing the ferroelastic transition tem-
peratures of the crystals to those of ceramics of known
composition, and by checking these results with the ener-
gies of the observed Raman modes. ' The values ob-
tained from the two methods were in close agreement.

The high-pressure measurements were performed on
small polished pieces of the crystal (30 pm thick) in a gas-
keted diamond-anvil cell as described previously. The
crystals reported on here were not of as good quality as
the PbTi03 already discussed. '" This is to be expected
since these crystals are mixed systems, small, and not very
"nice" looking. Thus, inhomogeneities are to be expected.
Experimentally, this shows up as broadened phase transi-
tions and more laser elastic scattering. The latter effect
translates into our inability to measure close to the laser
line; the former effect, which has been more of a hin-
drance in the high-pressure work, translates into weak sig-
nals and greater difficulty in the determination of P, for
these materials than for PbTi03.
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III. MODE CLASSIFICATION B. P, determination

In the high-temperature phase the 12 optic modes
transform as the 3 TI„+T2„ irreducible representations of
the m 3m-OI, point group. The T2„mode is neither in-

frared nor Raman active, so it is called a silent mode.
The T» modes are infrared active and thus are labeled

TI„(TO) and T~„(LO), depending whether the wave vec-

tor k is perpendicular or parallel to the polarization
(mechanical separation of charge) of the mode.

In the ferroelectric phase, each Ti„mode splits into
' two modes transforming as the A], +E irreducible repre-

sentations of the 4mm-C4, point group. These modes are
infrared and Raman active and thus can have a polariza-
tion transverse to the direction of propagation (TO mode)
as well as polarization along the direction of propagation
(LO mode). In order to label these various modes we use
a straightforward scheme, '

A I (3TO) A i(3LO) E(3TO) E (3LO)

A i (2TO) A I (2LO) E(2TO) E (2LO)

A i( ITO) A I(1LO) E(1TO) E(1LO)

where the numbers 1, 2, and 3 are used merely as a
method for labeling these modes. For each series, 1 refers
to the lowest-frequency phonon and 3 refers to the
highest-frequency phonon. The very-lowest-frequency
modes are E(1TO) and A&(ITO), which are the "soft
modes" in that they tend to zero frequency as T, or P, is
approached from below. The A&(1TO)+E(1TO) modes
"connect" to the TI„(1TO) modes in the cubic phase, as
do the corresponding modes labeled 2 and 3. In fact, for a
second-order phase transition these connected modes
should have the same frequencies at the phase transition.

In the tetragonal phase the silent T2„mode, in princi-
ple, splits and transforms as BI +E. In practice, the split-
ting is so small that it is not observed in the Raman spec-
tra, so we still label it the silent mode —even though it is
observable easily in the Raman spectra. Note that in ei-

ther the cubic or tetragonal phase, for any one-crystal
orientation, there are only 12 optic modes.

IV. RESULTS FOR (Pbp 2pBap 78)Ti03

A. High-frequency modes

Figure 1(a) shows typical Raman spectra from the sam-

ple in the high-pressure cell. The effect of the scattering
of the unshifted laser light can be seen clearly (the broad
"wing"). This scattering is larger than in our high-

pressure work on pure PbTiOq. In Fig. 1(b) we plot the
phonon frequencies obtained from the data. (The details
associated with soft modes are discussed below. )

The broad bands at = 110 and = 170 cm ' that can be
clearly seen in Fig. 1(a) are of unknown origin. In studies
of the complete system, (Pbl „Ba„)TiO~, mostly with
ceramics, we have seen bands in this region. It is clear
that these are not the AI(ITO) mode, which is discussed
below. Possibly they are observed due to a breakdown in
the selection rules and arise from combinations phonons
with large densities of states in the Brillouin zone.

P, was obtained as follows. Note, in Fig. 1(a), the
sharp, "silent" mode at 300 cm '. Since the position of
this mode is remarkably independent of the concentration
of Ba to Pb; one expects that it should be sharp, as ob-
served. We determined P, ( =4.3+0.5 GPa) by the disap-
pearance of this mode. The error in the value comes from
the observation that the mode does not disappear as
sharply as in PbTiO& and because fewer pressure values
were used. Note in Fig. 1(b) that in the same pressure
range the appropriate A&(2TO)+E(2TO) pair of modes
coalesce to approximately the same frequency; in the cu-
bic phase this pair of modes originates from the
TI„(2TO) mode.

For pure PbTiOq one finds that P, =12.1 GPa (Ref. 4)
and for pure BaTiOq one finds P, =1.9 GPa (Ref. 7).
Thus, for our crystal composition a linear extrapolation
yields 4.1 GPa; this is in good agreement with our value,

Pc ——4.3+0.5 GPa
From the high-pressure Ram an measurements" for

PbTiOq, the second-order nature of the phase transition at
P, is rather clear. From the coalescence of the appropri-
ate pair of modes, as noted above, this crystal appears to
have a second-order phase transition. Also, for the other
end member of this series, namely BaTiO&, dielectric data
indicate that the phase transition at P, is nearly second
order. Then a second-order phase transition is expected
throughout most of the composition range, of
(Pbl „Ba„)TiO& and there is a tricritical point in the
( P, T) phase diagram. Such a point has been found experi-
mentally in SbSI and KH2PO4.

C. Soft-mode frequencies

The lowest-frequency, "soft" mode is of E(1TO) char-
acter and can be seen in Fig. 1(a). As the pressure is in-

creased, its frequency decreases. In PbTiO& at P=O the
other member of this pair of soft modes, the A&(1TO)
mode, could not be observed directly. However, its fre-
quency was determined from quasimode spectra. For
reasons that we do not understand, in PbTiO~ at high
pressures the AI(1TO) becomes observable and we have
been able to follow its pressure dependence. In our
(Pbq 228ao 7s) TiOs crystal we can see the AI(1TO) mode
at pressures between 2 and 3 GPa, but see hints of it at
lower and higher pressures. Some of these data are shown
in Fig. 1(c).

The damping y of the E(1TO) and AI(1TO) modes is
comparable to the frequencies coD. Thus, in order to ob-
tain these quantities properly we fit the data to the usual
damped harmonic-oscillator function,

Fcop; (@co)I (~)= [n (~)+ 1]g, 2, , ~, (1)
r=l (~of ~ ) +Xi~~

where I is the experimentally observed intensity and n (co)
is the Bose-Einstein function; F, cop, and y are the scale
factor, the soft-mode frequency, and its damping constant
for the E(1TO) and A&(1TO) soft modes, respectively.
Figure 1(c) shows examples of a few of the fits when the
weak A I(1TO) is seen clearly. The fitting is fairly insensi-
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Fyg. 1. yarious Raman results from the crystal (Pbo.22Ba0.78)Ti03. (a) Typical Raman spectra in the high-pressure cell. (b) Pho-
non energies vs pressure. (c) Typical fits of the soft E(1TO) mode (d) Temperature dependence (on a reduced scale) of the frequency
and damping of the soft E(1TO) mode; the corresponding results for PbTi03 also are shown.

2 2coo= +0 1
P,

(2)

where P, =4.3 Gpa and Q0 ——46.0 cm '. Of course, this
form is chosen since we believe that the phase transition is
a second-order one, and hence should have Curie-gneiss
behavior near P, . As can be seen, the agreement with the
experimental results is reasonable.

Figure 1(d) shows the temperature dependence of the

tive to the parameters for the A~(1TO) because it is so
weak. Thus, in Fig. 1(b) we plot coo and y of the strong
E(1TO) soft mode, but only coo of the weak A &(1TO), y of
this latter mode being much less certain. Examples of the
data and fits are given in Fig. 1(c). As can be seen, the
fits are good, with a constant (frequency-independent)
value for y. The solid line in Fig. 1(b) is a fit to the soft-
mode E(1TO) frequency of the form

same E(1TO) mode (at P =0) measured up to T„ the
data are from Ref. 5. For reference, the results for pure
PbTi03 also are plotted. At zero pressure, as a function
of temperature, the phase transition is first order. Thus,
the soft E(1TO) mode never really softens very much. At
room temperature, as a function of pressure, the phase
transition at P, appears to be second order. As discussed
above, this is why we have used Eq. (2) to fit the soft-
mode data as shown in Fig. 1(b). Thus, because of the dif-
ferent order of the phase transitions as a function of pres-
sure and temperature, the soft-mode behavior upon ap-
proaching the phase transition is quite different. This af-
fects our understanding of the damping behavior dis-
cussed below.

D. Soft-mode damping

The soft-mode damping in ferroelectric perovskite crys-
tais is an intriguing, often discussed, and not understood
problem.
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PbTi03. In PbTi03, as a function of temperature, the
soft E(lTO) mode remains underdamped right up to the
first-order phase transition at T, =492'C, i.e., y/coo& 1,
and it never exceeds —,'. [This is apparently true for the

soft A ~(1TO) mode as well, although it was not measured
directly, but via the quasimode spectra. ] The tempera-
ture dependence of y for PbTi03 is shown in Fig. 1(d). It
is important to realize that, especially near T„ the soft
mode is very broad, extending over 100 cm ', yet the en-

tire detectable Raman response can be fitted extremely
well by a single, frequency-independent y. '

In PbTi03, as a function of pressure, a slightly different
effect is seen. The phase transition is second order, so coo

goes to zero and, at least near P„one must have

y/coo» 1, even if y is approximately independent of pres-
sure. However, the experiments show that while y de-

pends approximately linearly on temperature or pressure
well away from T, or P„near the phase transition singu-
lar behavior is observed. ' For example, see Fig. 1(d),
where the temperature behavior is shown.

In addition to the above approach to try to detect a fre-

quency dependence of y, i.e., y(co), by fitting the E(1TO)
mode at one temperature or one pressure, we can take
another point of view. We can consider varying the pres=
sure to be equivalent to tuning the soft E(1TO) mode in
PbTi03 from 88 cm ' (P =0) to 0 cm ' (P =P, ) and
observe the frequency dependence of the damping at room
temperature. We have examined this' and find that y(co)
is independent of co from 88 to =30 cm '. These results
are in disagreement with some earlier polariton measure-
ments. " We have discussed why the polariton results
may be in error. '

BaTi03. In BaTiO3 the situation is much less clear.
Both the soft A

~
(1TO) an& the soft E (1TO) modes can be

observed. However, the A ~ (1TO) mode, which has
y/no&(1, is very weak and tends to be obscured by a
much stronger, higher-energy feature. In order to see it
clearly, even at room temperature, forward Raman (polar-
iton) scattering must be used. ' Doing this as a function
of temperature has not revealed any anomalies in the
damping of this A&(1TO) mode. ' Since this mode is so
weak, its pressure dependence has not yet been observed.

In BaTi03 the situation for the E(1TO) mode is the op-
posite. The mode is very intense, however, that is,
y/eo»1; this causes very small differences in experi-
mental results to yield different values for y and coo. The
latest results from' two different groups agree' ' " and
show that this mode probably increases in frequency as

T, is approached (rather than decreases) and that y in-
creases as T, is approached. High-pressure studies of this
mode have not been made because it is very difficult to
get very close to the laser line in a high-pressure cell.

A proposal to explain the very large value of y found
for the E(1TO) mode in BaTiO3 has been put forth. '

These authors propose, in light of the polariton results"
in PbTiO3, that when mo-30 —50 cm ' in a perovskite
crystal, y will be very large. This would be caused by a
resonance with zone-boundary phonon-difference frequen-
cies. Above and previously' we have already discussed
our disagreement with this idea. Our point of view also is
supported by recent hyper-Raman work. ' The authors of

Ref. 15 find that at their highest temperature studied,
430'C, coo ——92 cm ', yet the damping is still very large
(y=247 cm '). Thus, the very large damping found in
BaTi03 for the E(1TO) soft mode seems to be indepen-
dent of the frequency of the mode. Instead, it seems to be
intrinsic to BaTi03 itself. As we shall see, the results in
Pbo z2Bao 78)Ti03 support this conclusion.

(Pb022BaQ7s)Ti03. Because the A, (1TO) mode is very
weak, resulting in large uncertainties in its y and coo

values, we discuss principally the E(1TO) results. For
PbTi03 [Fig. 1(d)], y is approximately linear with tem-
perature up to a reduced temperature of T/T, =0.9. For
our crystal this is true to T/T, =0.8. Thus the results are
consistent with each other.

For PbTi03, measurements of y as a function of pres-
sure show that it is independent of pressure up to
P/P, =0.8. It is only above this value that a very steep
rise in the pressure dependence of y is observed. As can
be seen in Fig. 1(b), for our crystal we obtain a pressure-
independent y but only up to 3 GPa. At higher pressures,
although we can see this line as a shoulder, we cannot fit
the data with any certainty. Unfortunately, 3 GPa only
corresponds to P/P, =0.69. Thus, the fact that we do
not see any singular behavior in y is to be expected. It
should occur closer to P, .

Also note from the pressure data for the soft mode in
Fig. 1(b) that while the frequency sweeps from 42 to 28
cm ', y is approximately constant. Just like our
pressure-dependent data in PbTi03, this result is in sharp
disagreement with the proposed explanation" for the
broad line in BaTi03.
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FIG. 2. High-frequency modes measured from ceramic sam-

ples in the system Pb(Ti& „Sn )03. The powder Raman tech-
nique was used (Ref. 16) to determine the values.

V. RESULTS FOR Pb(Tip 8)Snp $9)O3

The end members of the solid solution under discussion
in Sec. IV are ferroelectric. For the crystal discussed here
this is not the case; only PbTi03 is ferroelectric.
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A. High-frequency modes

In order to positively identify the modes of our crystal,
the safest method is to make ceramics of the
Pb(Ti~ „Sn„)03system. Using the powder Raman tech-
nique' ' the modes can be identified rather easily, espe-
cially if the end member (PbTi03 in this case) is known.
Figure 2 shows the results for the high-frequency modes
with the appropriate labeling.

Using the above results as a guide, it is rather easy to
label the features observed in our crystal. Some typical

Raman spectra in the high-pressure cell are shown in Fig.
3(a). The positions of these modes are shown in Fig. 3(b).
As shown in Fig. 3(a), the silent mode is strong and sharp;
it serves as an excellent fiducial marker for high-pressure
studies.

Also interesting to note is the A~(2TO) mode. At low
pressures it is at higher energies than the silent mode, ap-
pearing somewhat as a shoulder in Fig. 3(a). With in-
creasing pressure it clearly crosses the silent mode, and at
higher pressures it appears below the silent mode as indi-
cated in Fig. 3(b). Also notice that it approaches the
E(2TO) mode.
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B. P, determination

P, was determined in the same manner as above. From
the disappearance of the silent mode we determined that
P, =9.0+0.8 Gpa. The error is due to the fact that the
mode does not disappear as sharply with pressure as was
observed in PbTi03. Further, as an independent deter-
mination of P, we note that the A~(2TO)+E(2TO) pair
of modes coalesce at 9.0 GPa (and also disappear) as does
the A&(3TO)+.E(3TO) pair. These pairs of modes arise
from the cubic phase T»(2TO) and T~„(3TO) modes.

Thus, besides determining P, =9.0 GPa for this crystal,
we determine that the phase transition is second order.

C. Soft-mode frequencies '

As can be seen in Fig. 3(a), at low pressures the soft
mode is a doublet. However, this is not the soft E(1TO)
and soft A &(1TO). In a manner similar to that described
in Sec. IV, we have looked for the A ~(1TO) mode with in-

creasing pressure and do not observe it. Instead, the
doublet is the soft E(1TO) mode and an impurity mode
which is not seen in pure crystals, such as PbTi03 and
BaTi03, but tends to be seen in mixed crystals. The im-

purity mode gets its strength from the soft E(1TO) mode,
and since they transform as the same irreducible represen-
tation of the 4mrn-C4, point group they do not cross (as a
function of temperature or pressure). This coupled-mode
behavior was also found in the solid solutions Pb(Ti,
Zr)03 and (Pb,La)Ti03. ' It was proposed that the addi-
tional feature might originate from zone-boundary acous-
tical phonons which become Raman active due to the
breakdown of the translational symmetry in the solid solu-
tion. '

At P =0, at low temperatures, the soft E(1TO) mode is
observed at 78 cm ' and the impurity mode is observed at
55 cm ', and close to T, =370 C the soft mode is consid-
erably below the impurity mode. The temperature depen-
dence of this "no-crossing" has been studied in detail.

At room temperature, as a function of pressure, we see
the same no-crossing of the soft E(1TO) mode and the
impurity mode. In order to separate the soft-mode
behavior from the "extra" mode, we have used the same
formalism and experimental approach as before. Figure
3(c) shows typical experimental results at various pres-
sures. In Fig. 3(b) the solid circles are the results for the
"decoupled" soft E(1TO) mode. The decoupled impurity
mode, not shown, is at 59 cm ' and approximately in-
dependent of pressure up to 3 GPa, at which pressure its
intensity is very weak. Above 3 GPa only the soft
E(1TO) is visible [see Fig. 3(c)]. Consequently, the
single-phonon response function, Eq. (1), was used to
determine the frequency and damping constant. These re-
sults are also plotted in Fig. 3(b).

The pressure dependence of the soft-E(1TO)-mode fre-
quency was fitted with Eq. (2). The results are P, =9.0
GPa (as above) and AD=55 cm '. The solid line in Fig.
3(b) is this fit.

D. Soft-mode damping

In Fig. 3(d) we show the temperature dependence of y
on a reduced scale. Again notice that y is weakly depen-

dent on temperature until co gets close to T, . The results
for PbTi03 are included for comparison, as in Fig. 1(d}.

In Fig. 3(b) the pressure dependence of y is shown over
the range that we can measure it. Again, unlike PbTi03,
on a reduced scale, we only can obtain data up to
P/P, =0.67. This value is not large enough to begin to
see the strongly nonlinear behavior observed"' in
PbTiO3. On the other hand, again we notice that while
the E(1TO)-mode frequency sweeps over a wide spectral
region, y is independent of frequency. This was also dis-
cussed in Sec. IV D.

VI. CONCLUSIONS

High frequen-cy modes Th.e high-frequency modes,
whether measured as a function of pressure (Figs. 1 and
3), composition (Fig. 2), or temperature, behave in a
straightforward, continuous manner. The silent mode is
relatively sharp and serves as a convenient feature to
determine P, and T„as do several pairs of
A&(TO)+E(TO) modes which emanate from the same
T~„(TO) cubic mode.

P, . P, in both cases was determined by the disappear-
ance of the silent mode. This value was found to be in
good agreement with the coalescence of the frequencies of
the strong E(2TO)+A&(2TO) pair of modes. Thus, as
in PbTi03, we conclude that at P, we have a second-
order phase transition. Although we cannot obtain co0 and

y of the soft mode near P„we can see it as a shoulder on
the "central" laser scattering to very close to P, .

Our experiments show that these types of materials
under high pressures have a second-order phase transition
at P, . Thus, in the (P, T) phase diagram there is a tricriti-
cal point. ' This fact might be useful in future studies.
This second-order phase transition is in agreement with
Devonshire's calculations. '

Extra modes aboue P, . In PbTi03 above T, and P,
(Refs. 3 and 4, respectively) we see essentially no Raman
spectrum in agreement with the selection rules. However,
in BaTi03, above T, or P„ two broad bands are observed.
These persist to very high temperatures' and. pressures.
In our crystals we also observe these bands, similar to
those in BaTi03, above the cubic phase. In
(Pbp p2Baa 7s)Ti03 we still see them up to P = 1 1.5 GPa.
However, we have no clear idea as to the origin of these
bands observed in the cubic phase.

Soft mode frequencies -As a fu. nction of pressure, the
soft-mode frequencies fit the expected pressure law, Eq.
(2), reasonably well. However, we do not have values of
co0 close enough to P, to test this result in a real way.

In PbTi03 at pressures above atmospheric we experi-
mentally observed the soft weak A ~(1TO) mode as well as
the intense E(1TO) mode. The A~(1TO} mode is also
weak in BaTi03 and only can be observed clearly using
the polariton technique. ' ' In our (Pb,Ba)Ti03 crystal
the A~(1TO) mode can be seen clearly at intermediate
pressures, but it is weak. Neither the relatively large
difference in intensity between these two soft modes nor
the pressure dependence of the intensity is understood.

In the Pb(Ti0 s&Sna»)03 crystal we see an "extra" mode
at =59 cm '. Just as with temperature, as a function of
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pressure we can tune the soft E(1TO) mode through this
frequency region and observe the coupled modes (since
they both transform as the same E irreducible representa-
tion of the 4mm-C4„point group). The extra mode ap-
pears to have little, if any, temperature and pressure
dependence, and the origin of this mode is not known. If
it existed, this extra mode would not be observed in the
(Pb,Ba)TiOq crystal studied by us because at P =0 the
E(1TO)-mode frequency is too low [Fig. 1(b)j.

Saft mode -damping P. reviously, ' we have shown ex-
perimentally that the damping constant y is only weakly
dependent on temperature or pressure, except near T, or
P, . (Also, at a given T or P the damping constant is in-
dependent of frequency ' ' even though the Raman line
can be =100 cm ' wide. ) With our present crystals, as a
function of pressure the phase transition is second order
(coo goes to zero continuously) so we should be able to ob-
tain data in a very wide range of y/coo. At low pressure,
consistent with the previous results, we find the y is only
weakly dependent on pressure. Unfortunately, when
y/coo-1 we cannot obtain reliable data in our high-
pressure cell. Thus, we are not able to measure the soft
mode close enough to I', to observe a singularity in y.
Therefore, while the experimental results of y are in
agreement with previous results far from the phase transi-
tion, we have no information as to what happens near P, .

Divergent behavior near a structural phase transition
also has been observed in other crystals. ' This effect,
although rather interesting, is not yet understood. *'

There is another point about y that is not understood.
In BaTi03 the soft E(1TO) mode is very strongly over-
damped, both in the cubic phase' and in the tetragonal
phase. ' ' " For our crystal, (Pbo 22Bao 7s)TiO„ the mode
is underdamped even when the frequency is rather low at
P =0 (=40 cm '); yet this crystal is close to being 100%%uo

BaTi03. This has been observed throughout the composi-
tion range in (Pb~ „Ba„)Ti03. Apparently there is
something special about 100%%uo BaTi03 that even relative-
ly small amounts of Pb + ion replacing Ba + destroys.
This is not understood.
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