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Lattice modes in ferroelectric perovskites. II. Pb, „Ba„TiQ, including BaTiQ,
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The Raman measurements of the ferroelectric PbTiO, reported previously are extended to the
ferroelectric system (Pb, „Ba„)TiO, including the end member BaTiO, . The measurements were made
on crystals of BaTiO, , very small crystals for several x, and powders using the powder Raman
technique. The expected 3n —3 optic modes are accounted for at all x including BaTiO, . These modes
in BaTiO, obey the proper selection rules and disappear and reappear abruptly at the transition
temperature T, when approached from below or above, respectively. This is contrary to what is often
suggested in the literature. Of course there are other broad bands observed in BaTiO, that do not
disappear at T, . These broad bands are only found for x —0.9 to 1. Similarly, the room-temperature
data show that the lowest soft E(TO) mode is overdamped only for x —0.9 to 1. For smaller x it is
underdamped at room temperature. However, the linewidth of the underdamped soft E(TO) mode
behaves in a singular manner as T, is approached from below as is found in PbTi03. For x = 0.9 and
1 this singular behavior is not observed. The data on the soft E(TO) mode in BaTiO, show that the
shape of the response is practically independent of temperature in agreement with earlier work. Also,
the intensity is practically independent of temperature in strong disagreement with earlier work. We
cannot unambiguously determine the undamped frequency and linewidth of this mode, and we feel that
the temperature dependences of these quantities, for the soft E(TO) mode in BaTiO„are not as yet
determined. The frequency of the modes is a fairly continuous function of x even though there are
several phase transitions on the BaTiO, -rich end. Lastly, some discussion of the temperature dependence
of the dielectric constant in terms of impurities and the concept of dirty displacive ferroelectrics is
given. Very large enhancements of the static dielectric constant can be obtained due to interaction with
the soft modes.

l. INTRODUCTION

In this paper we continue the work of an earlier
paper' (henceforth called I) which describes the
lattice normal modes in the ferroelectric phase of
pbTiO, . These modes were measured by the Raman
technique below the ferroelectric transition tem-
perature T,. There has been relatively little work
on the modes in the ferroelectric phase of simple
materials like the perovskites A.I303. The original
ideas' exploring the origin of ferroelectricity via
a lattice-mode instability emphasized the high-
temperature paraelectric phase. In I we showed
that PbTiO, is a "textbook" example of a ferroelec-
tric below T, with respect to the lattice modes.
That is, the modes obey the appropriate Raman
selection rules; the modes are underdamped up
to T, (although the soft-made damping has an in-
teresting temperature dependence); the lines dis-
appear abruptly at T, when the crystal becomes
centrosymmetric, as they should. It was also
shown that there is very poor agreement between
the simple Devonshire theory and dielectric prop-
erties that could be determined from the modes.

In this paper the temperature dependence of the
modes in the solid solution Pb& „Ba„Ti03is in-
vestigated. This includes x = 1, or BaTiO„which
is the classic ferroelectric perovskite crystal. It
will be shown that the modes behave in a contin-
uous manor as a function of x. However, they

behave quite differently on the BaTiO, -rich side
than for x=0. Nevertheless, the 3n —3 optic
modes obey the appropriate selection rules and
could be measured right up to T, for BaTiO„at
which temperature they also abruptly disappear, as
they should. This is contrary to what is often
stated or assumed in the literature. Of course,
the broad, apparently second-order modes do not
disappear at T,. Thus, when the correct modes
are observed in BaTiO, they a,iso behave as ex-
pected, except that one of the modes is over-
damped.

The type of samples used here differ from those
used in I. In I only single crystals were used.
Here we used a large single crystal (3x 3x 3 mm)
of BaTiO3 as well as a good-quality butterfly crys-
tal; however, for O~x~1 we have exploited the
powder Raman technique as well as small imper-
fect crystals.

Since BaTiO3 is the classic ferroelectric perov-
skite material, one might think that the vibrational
modes are well understood and the temperature de-
pendence known. Actually this is not true, partly
because there is some strong second-order Raman
scattering that has been interpreted as first-order
spectra and because one of the modes is over-
damped. The early ' single-domain Raman mea-
surements on BaTi03 were substantially in agree-
ment witheachother. However, these papers didnot
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agree with each other or with the infrared work'~
on the lowest E mode. Later Raman work' showed
an overdamped E mode in agreement with the in-
frared measurements. Still later Raman work"
yielded E modes in agreement with the earlier
measurements but yielded transverse A, modes
in disagreement with the work in Refs. 9 and 10.
Since the A& modes were not measured by infrared
techniques, no comparison could be made there.
Polariton measurements at room temperature'
have cleared up the A, -modes disagreement. The
results are in agreement with the early Raman
work ' and in disagreement with the more recent
work. " The room-temperature polariton work
has been checked by a different approach. Using
the powder Raman technique, results for BaTi03
at room temperature have been found by an ex-
tension of measurements" on Pb, Ba,TiO, . These
results are in excellent agreement with the room-
temperature polariton results. The temperature
dependence of the A& modes now has been mea-
sured' using the polariton technique. An inter-
esting aspect of these results will be discussed
later.

II. EXPERIMENTAL

The Raman measurements were carried out as
described in I. A He-Ne laser was used for the
powder Raman measurements and an argon laser
(5145 A, 300& 10 3 W) was used on the single crys-
tals. The furnace was described in I.

A large BaTiO, single crystal was obtained from
Sanders. The transition temperature is 134 C
with increasing temperature. We also measured
one "butterfly" grown by the Remeika method. '
The results from the two crystals were the same
except that T, =120'C for the butterfly BaTi03.

The powder Raman technique was applied to
sintered pellets of Pbj „Ba„Ti03prepared by
first reacting PbTi03-BaTiO, mixtures with
various values of x at 800'C for 16 h. Subse-
quently, approximately 2-g pellets of each sam-
ple were sintered twice at temperatures between
1000 and 1200 'C for 2 h with an intermediate
grinding and pressing step. Each sample was con-
tained in a platinum "pillbox, " and this was, in
turn, surrounded by Pb& „Ba„Ti03powder of iden-
tical composition within a covered 25-cm platinum
crucible. The resulting Pb, „Ba„Ti03 samples were
examined by Grunier x-ray diffraction techniques,
and a lattice-constant-vs-x diagram was constructed.
These data are shown in Fig. 1, where they are
compared with the early published work. ' The
agreement between the present results and the
early work' is fairly good. A loss of Pb during
firing of this early work could account for some
of the difference. Our end-member results are
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FIG. 1. Lattice constant vs composition measured on
the ceramic samples as described in the text. The solid
circles are data obtained here, the crosses are from
Ref. 16.

in very good agreement with published results for
BaTi03 ' and PbTiO, . '

Single crystals of the solid solutions of sizes
typically less than 1 mm were grown in the
PbO-BaO-TiO&-B&03 system at PbO: BaO: Ti02.
Ba03 ratios in the ranges (50-70):(5-10): (10-25):
(10-30). These were obtained by slowly cooling
the melts from 1300'C to -900'C in 100-cm'
covered platinum crucibles at rates between 2
and 5 'C/h, and decanting the fluxed solutions at
the lower temperature. Crystals were cooled to
room temperature under fiberfrax insulation to
minimize cracking at the phase-transition tem-
peratures. The crystals were analyzed by elec-
tron microprobe analysis and powder x-ray dif-
fraction to determine the precise value of x by
comparison with Fig. 1. The agreement with the
x value obtained via Fig. 1 and those obtained by
comparing the Raman results for these small
single crystals with the powder Raman results
was excellent.

Polarized Raman measurements were performed
on these small poor-quality single crystals. The
procedure was quite simple. Various arrange-
ments of polarizers and analyzers were tried with
a given direction for a crystal. Often one set of
lines would become much more intense than the
rest of the lines. If, from the powder Raman re-
sults as a function of x, it is known that one of
these lines transforms as, for example, the E-ir-
reducible representation, then all of the lines
transform likewise. Usually the other appropriate
orientation of polarizers and analyzers would in-
crease the intensity of the A, lines. The agreement
with what was expected from the powder Raman
measurements as a function of x was excellent.
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lIL MODES

A classification of the modes is covered in I but
briefly outlined here for completeness. In the
cubic phase of an ABO, perovskite, there are
3n —3 = 12 optic modes. These modes transform
as the 3T&„+ T~„ irreducible representations of the
0& point group. The Ta„mode is called the "si-
lent" mode because it is not Raman or infrared
active. In the tetragonal ferroelectric phase, the
point group of the crystal is C4„, so the normal
modes are classified according to the irreducible
representations of this point group. Each of the

T,„modes splits into A, + E modes in C4„. De-
pending on the direction of propagation of the mode
with respect to its polarization (mechanical sepa, —

ration of charge), the modes can be longitudinal
optic (LO) or transverse optic (TO). So, in C,„
the modes that originate from the T,„modes are
called A, (TO), A, (LO), E(TO), or E(LO). In Ref.
1 we have further labeled these modes with an in-
dex 1, 2, or 3 from each of the three T,„modes.
However, here this extra label is not used.

The silent Tz„ is treated slightly differently.
In C4„ it will become B, +E, and these modes are
no longer silent. Both B, and E modes are Raman
active, and the E mode is also infrared active. In
principle the E mode coming from the T&„mode
has a TO and LO splitting. However, in practice'
it is too small to measure, and the separation be-
tween the Bj and E modes carumt be measured. '
So we keep the word silent as a convenient label of
these modes, even in the C4„phase.

The lowest E(TO) and A, (TO) modes in the C,„
phase are called "soft" modes, as is customary
in the field of ferroelectricity. More mill be said
about this soft E mode.

BaTiO, has other low-temperature phases
which extend' ' to x~0. 9 or perhaps to slightly
small x, as will be discussed. The modes in these
various phases should be classified according to
the appropriate point group.

1V. RESULTS FOR 0 (x & 1
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vary in a fairly continuous manner. This is slight-
ly surprising since the ferroelectric phase dia-
gram shows that at this low temperature the x
= 0. 9 and 1.0 material is in a rhombohedral phase,
while for smaller x the material is in a tetragonal
phase. Actually, from a careful look at the data
in Figs. 2 and 3, the change of structure might
occur at x= 0. 8. The modes at = 490 and 520 cm '
give very similar powder Raman spectra to each
other and sli, ghtly sharper than the same modes
for x» 0. 7. Nevertheless, the restoring forces
for these particular modes vary smoothly with x
even though there is a structural phase change.
So, even though the modes are labeled according
to the irreducible representations of the point
group C4„ for x&0. S and according to the ir-
reducible representations of C,„for higher x, the
restoring forces for the higher-energy modes vary
in a manner that effectively appears to be contin-
uous with x. The situation for the low-energy

A. General temperature results

Figure 2 shows the experimental powder Raman
results for Pb& „Ba„TiO, at low temperatures.
These results are analogous to those published at
room temperature. ' Figure 3 shows the same re-
sults plotted as energy vs x. Figure 4 shows ener-

gy vs x for room-temperature data similar to
those published previously, except single-crystal
results are included as triangles. As can be seen,
the single-crystal and pomder data agree very well.

From the low-temperature results (Figs. 2 and

3) several points can be made. First, as x in-
creases from 0 to 1, the modes above 300 cm"'

IOOO
I

800 600 400
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FIG. 2. Powder Haman experimental results for var-
ious ~ in Pb& „Ba„Ti03at 180 C. The curves are broken
at = 400 cm because of a gain charge. The arrows on

the top are the results for various modes, as indicated,
in PbTi03.
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FIG. 3. Vibrational mode energies vs g a,re the cir-
cles from the experimental powder Haman results shown
in Fig. 2. The triangles are from small single crystals
as described in the text. The labels on the left refer to
results in single crystals of PbTi03. The unlabeled
lines between 150 cm t and 100 cm t are probably due to
second-order effects (Ref. 1} and purity-induced reso-
nance modes (Ref. 23), respectively. Similar structure
is shown in. Fig. 4.

8. Soft F{TO}n&ode

The second observation from Fig. 3 is that the
lowest E(TO) mode can be observed and is under-
damped from 0~x~0. 9. This mode can be seen
in Fig. 2 but normally is observed with much-re-
duced slit width in the monochrometer. Even at
room temperature, we have been able to observe
this underdamped mode to x=0. 8. (Heference 13
shows data to x=0. 7, but it has been possible to
extend the observation to x = 0. 8, as noted in Fig.
4. ) So the fact that the lowest E(TO) mode in
BaTiO3 is overdamped at temperatures far from
T,' is peculiar to that material, and for x=10/(;
smaller than 1 the mode is no longer overdamped.

Finally, Fig. 4 shows that agreement between

modes is less clear since several modes cannot be
observed by the powder Baman technique even in
PbTiO„as can be seen in Fig. 2. These modes
are very weak' even in single-crystal PbTiO„so
they are not expected to be observed in the powder
Haman spectra. . For example, the lowest A, (TO)
mode is not directly observable in' PbTiO, . Also,
it is very weak in BaTiO~ but observable at = 170
cm ' in right-a. ngle Ba.man scattering " and more
easily seen by polariton scattering. ' '
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FIG. 5. Energy of the lowest E{TO) mode vs T/T,
from the powder Human da. ta for x =0. 1, 0. 5, 0. 6, and
0. 7. Small single crystals were used for the x ==0,

0.58, and 0.78 data. The lines are obtained by fitting
the data as described in the text.

the powder Baman results and the small single
crystals is excellent.

Figure 5 shows the energy of the soft E(TO) mode
for various x plotted on a, reduced temperature
scale. Single-crystal data for x=0. 0, 0. 2, 0. 58,
and 0. 78 a.re used as well as the data from the
powder Baman method. As can be seen, only for
x= 0 and 0. 2 could reliable data be obtained right
up to T, . For the single crystals x = 0. 58 and
0. 78, the damping becomes too large nea. r T, and
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where A and n are chosen to fit the data over a
range of T/T, from about 0. 2 to 0. 9. The meaning
of T„ is clearly discussed in I. It is the theoreti-
cally extrapolated temperature at which the dielec-
tric constant in the ferroelectric phase mould go
to infinity if the first-order phase transition did
not occur. T„ is given in terms of the transition
temperature and Curie temperature T, and To,
re spec tively:

Tu To+ 3 (Tc TO) (2)

To obtain T„as a function of x, we assumed a
linear variation of T, —To = 43 'K and 11 'K for
x=0 (Ref. 20) and x=1.0, ' respectively. The
resulting values of n and A (in units of 1/cm ')
are listed in Fig. 5. All of the temperature de-
pendence of the mode frequency comes from n, as
can be seen in Eq. (1) The small value of n for
x=0. 78 results from the data showing a fairly flat
temperature dependence. For this value of x, the
lower temperature data can be fit better with
n = 0. 057. Thus, extrapolation to BaTi03 would

result in an even smaller value of n and a very
weak temperature dependence. This extr apo lated
result is in agreement with what we find in single-
crystal BaTi03, discussed later, but in disagree-
ment with others.

the crystals are of too poor quality to measure
the mode properly. The large damping will be
discussed later. Figure 5 also shows that the tem-
perature dependence of the powder Raman data is
in good agreement with the single crystals. How-
ever, in most cases reliable data on the powders
could not be obtained at temperatures as high as on
the single crystals. This mas because the powder
Raman data showed an anomalously large tempera-
ture-dependent linewidth near T, . We do not under-
stand the reason for this. Several attempts to see
if it was related to particle size were inconclusive.

The solid lines in Fig. 5 are curves drawn to an
extrapolation formula'

BaTi03 has a series of phase transitions as the
temperature is lowered. These phases are cubic
(C), tetragonal (T), orthorhombic (0), and rhombo-
hedral (R). For x=0. 9 and 1, the phase tra, nsition
between these phases occurs at'

120 'C 5 'C —75 C

0. 9 180 'C —80 C —150 'C

In order to investigate these low-temperature
phases, we took the data shown in Fig. 7.
should be pointed out that several early unpolar-
ized Raman measurements on BaTiO, have been

T OF E (TO) IN PbI & BaXTIO&

E(TO) mode in BaTiO, is between' 70 and 90 cm '.
Thus, as in PbTiO„ it appears that the linewidth
diverges as T, is approached from below for 0= x
«0. 78. As discussed later, this does not appear
to happen for x=1, BaTiO, . The present ideas of
Silverman concerning the divergence of the line-
width as T, is approached could account for these
data. For such crystals the divergence of the
linewidth of the soft E(TO) phonon is caused by
the enhancement of the scattering processes of
this mode that are allowed by the finite lifetime of
the phonon in the acoustic branch. The tempera-
ture variation of the energy of the E(TO) mode can
result in a closer tuning to the frequency separa-
tion of the acoustic branches. However, for x= 1,
BaTi03, all these relaxation processes occur, as
evidenced by the large value of the damping, so no

new ones become important as the temperature is
varied to T, .

We should point out that a different type of line
shape as well as temperature dependence is ob-
served in single crystals in the low-temperature
ferroelectric (K, Na)TaO, system. "

D. Low-temperature phases for x = l

C. Linewidth of the soft F(TO) mode

The signal to noise in the data that we could ob-
tain from the small crystals of x=0. 58 and 0. 78
was almost as good as observed in I for PbTiO, .
Thus, as in I, we could fit the line shape over most
of the temperature range to a simple damped har-
monic oscillator. [The form taken is &(&u) —e
~ (ufo —v +iy&u), which is slightly different from
the definition of y in Ref. 11.] However, once the
mode became overdamped, we could no longer ob-
tain coTO andy, the damping constant, so the result
could not be determined to T/T, =1. Figure 8
shows the results. On this scale, y of the soft

I

E 20-
0.58

IO!
X=O

Ol
0 0,2 04 0.6 0.8 I.O

REDUCED TEMPERATURE (T/Tc )

I'IG, 6. The damping constant y vs TjT~ for several
z from small single crysta]s.
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FIG, 7. Low-temperature powder Haman results for
several g showing results in the low-temperature Ha TiO&
phases.

elsewhere. ' Thus, we will discuss primarily the
soft E(TO) mode. Although in the original Raman
literature there was disagreement'" about this
lowest E(TO) mode, it is now clear from the Ra-
man measurements that this mode is overdamped. '
This is in agreement with the earlier room-tem-
perature inf rared results.

Figure 8 shows some of our experimental re-
sults on this soft E(TO) mode. As can be seen,
we obtain an overdamped mode in agreement with
DiDomepico et al. However, we get a different
temperature dependence of the intensity. Also,
by fitting the mode at different temperatures, we
cannot extract a temperature dependence of the
frequency with any certainty. We discuss these
two points separately. Our results on the Sanders
and butterfly crystals are the same.

First consider the line shape of the E(TO) mode.
Figure 9 shows a schematic line for various val-
ues of y/~0 from 0. 2 to 2v 2. For y/wo = W2 the
peak of the Raman intensity occurs at w = 0. This
result persists for y/&u, & v 2. The experimental
result in Fig. 8 clearly falls in this regime. We
attempted to fit the shape of the experimental data
by varying p and &0. The formulas" are in Fig.
9. We normalized the experimental and calcu-

published. The unpolarized single-crystal
BaTi03 data of Perry and Hall are particularly
interesting since they look exactly like the pow-
der Raman results shown in Fig. 2 for BaTiO, .
This, perhaps, is to be expected since their single-
crystal work was done on a multidomain sample
excited with mercury light from all directions.
Relatively little was found from the high-tempera-
ture modes to identify the phase transitions. Fig-
ure 7 also shows that relatively little happens to
the high-frequency modes as phase boundaries are
crossed as a function of composition. The result
for x=1 at —68'C looks similar in many respects
to that for x=0. 9 at —145'C. In both these cases
the material is in the orthorhombic phase. Also,
the x= 0. 9 at —180'C in Fig. 2 looks like the
x=1 at —145'C in Fig. 7. In both of these cases
the material is in the rhombohedral phase. So
it is possible that the modes near the low-tem-
perature phase transitions could be studied, but
closer intervals of x and temperature would be
required.

25
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V. RESU LTS FOR x = 1 {BaTi03 )

We would now like to consider the results for
x=1, or BaTiO, . The A& modes that give rise to
the dielectric constant along the ferroelectric
z axis have been measured up to T, and discussed
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FIG. 8. Experimental and calculated results for the
soft E(TO) mode at 105 C. The fit is discussed in the
text.
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lated resu alt t 7 cm '. As indicated by the re-
sult in ig.F' 8 there are a. large variety of values

urac of thethat will fit experiment within the accuracy o e
data. Na ra y,Naturall if the experimental result were
known to very high precision, a better comparison
between theory and experiment could be made.

ver there always is the very difficult experi-
mental problem as to the shape of the backgroun

ri (the ba.se line). We have measured thescattering ~q e ase
re to T and theE(TO) mode from room temperature to T, an e

data show that within our experimental error the
shape of the mode does not change. This is in

temperature independence of their y/&u, values.
Thus, from the shape alone we cannot determine
the temperature dependence of the frequency or
damping constant. However, a a glar e increase in
yas T, is approached, as shown in Fig. 6, seems
hi hl unlikely, since a correspondingly large in-

th ndamped harmonic frequency
h to occur in order to keep the shape of theave
R line independent of temperature. iaman

mFi. 5would be contrary to what is expected from ig.
or the dielectric behavior, to be discussed.

Next consider the total intensity of the soft E(TO)
mode. A change of almost an order of magnitude
was reported between 10 and 60 'C by DiDomenico
et gE ' %e observe something quite different. e
have always found measurements of intensity at
different temperatures a bit untrustworthy, pos-
sibly due s gto li ht shifting of the furnace position
which moves the laser beam within the sample.
However, we find the intensity versus temperature
of this soft E(TO) mode to be independent of tem-
perature (= 30% might be a reasonable guess at our
accuracy). The total integrated intensity of the

26 to 18 pC/cm between 20'C and T„so P,
varies by a ac orb f ctor of 2. A small variation of (do,

then, would be consistent with the intensity ob-

lated behavior for BaTiO, in Fig. 5. The reason
for the differences between the observations re-

11 is notported here and those reported in Ref. i
known. However, it would seem that the higher-
intensity results must always be correct.

ouldSepara e romt f the above observations, we wo

like to comment on the behavior of the lines at T,.

s cps a
just as a rup y, ab tl as temperature is lowered. On

heating, the modes disappear at 135 'C and re-
appear, on cooling, at 131 'C. This thermal hys-
teresis is expt s expected for afirst-order phase transi-

ts of thetion and is in agreement with measurements o e
t mperature dependence of the dielectric constant.e
The A& modes have also been reported to

' p-disa

pear and reappear abruptly at T,. So all the first-
order Raman modes behave as expected at T, just
as has been observed' in PbTi03.

VI. DISCUSSION

A. 0 &x & 1 data
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I IG. 9. Calculated Haman response, inse in the high-
ternperature limi, or a mtemp

' t, f a mode for various values of y/~0
(20/100) to an overdampedfrom an underdamped case

case {2v 2) .

0 f the most surprising results is that theneo e
most of thesoft E(TO) mode is underdamped over most o e

become overdamped. The fact that this is observed
i . Clear-ln so lid solutions is even more surprising.

i thatl there is something special about BaTi03 a
causes this mode to be overdampe .ed. From the
neutron scattering results ' 8 for BaTiO3, one
finds that for the lowest transverse optic branch,
certain directions of the wave vector q and cer-
tain polarizations e show well-defined phonons,
except for very small q values. However, for
other values of q and e the optic branch is un-
usually low in energy and highly damped through-
out the entire Brillouin zone. Thus, in BaTi03
the lowest transverse optic branch is very aniso-
tropic. This possibility was suggested by Huller
to explain the anomalous x-ray scattering results. '
On the other hand, the neutron-diffraction re-
sults ' for PbTiO3 show a well-defined lowest trans-
verse optic branch except at very small q values.
It would be interesting if the energy of all the pho-
non branches could be observed throughout the
Brillouin zone to compare with Silverman's theory
of line broadening for these two materials.
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~(0) II ~~o;
no&

(3)

where e is the square of the optic index of refrac-
tion and the product is over all three normal
modes in BaTiO~. For axial ferroelectrics this
equation applies separately to the dielectric con-
stant along the c axis (e,) or along the a axis (&,).
For &, the vibrational modes transform as the A&-

irreducible representation of the point group C4„.
For &, the modes transform as the E-irreducible
representation. For this discussion we define E„
as the value of e(0) calculated from Eq. (3) via the

lattice normal modes, which usually means mea-
surements down to 30 cm '. Define e,~ as the val-
ue of the clamped dielectric constant, measured by
capacitance techniques usually in the range 10'-
10' Hz (i.e. , below 1 cm '). In a previous paper '
we have pointed out that in BaTi03 and other ferro-
electrics, for the dielectric constants along the
ferroelectric c axis, &,Qc„&1 and becomes larger

The frequencies of the modes vary smoothly with
x. This occurs even though phase transitions oc-
cur at low temperatures. So the restoring forces
for the different modes appear to vary in a fairly
smooth way with x, even through the first-order
phase transitions.

B. BaTi03

First, we remark again that all the 3n —3 nor-
mally expected modes in BaTiO, do disappear
abruptly at the tetragonal to cubic phase transition.
These modes reappear abruptly as the crystal is
cooled and goes from a cubic to tetragonal phase.
So as long as attention is focused on the 3T,„
+ T&„modes in O„and the corresponding modes in
the tetragonal or lower-temperature phase, the
selection rules are obeyed. Of course, there are
other broad bands that are observed in the Raman
spectra. of x = 1 (but not for smaller x' ). There
is a great deal of discussion about these bands'
and attempts to relate them to an order-disorder
model. ' We cannot further clarify this point.

Second, the temperature dependence of the fre-
quency of the soft E(TO) phonon is not as yet de-
termined. Our data, particularly with respect to
intensity, are not in agreement with earlier data. "
Certainly it is possible to get frequencies and
damping constants from our data that vary and are
different from the earlier data. There have been
some studies of this soft E(TO) mode apparently
under much higher signal-to-noise conditions. '
These results are at room temperature but would
be interesting if extended to T,.

Last, we would like to discuss the value of the
zero-frequency clamped dielectric constant e(0)
and its determination from the modes. The Lyd-
dane-Sachs-Teller (I.ST) relation is

As[3(& +2)]
m + 2 & II2[7( 2)] 2 (4)

where II, =4vn, e,/m, . If the coupling were zero,
the square-bracket terms would be replaced by 1,
and the equation would be just what is expected
from an additional oscillator, an impurity in this
case, contributing to &. However, for ferroelec-
trics where E, given by the LST relation, can be
very large, the effect of impurities can be con-
siderably enhanced. For example, for BaTi03
along the c axis, e varies with temperature from
about" 31 to 48; taking the impurity to have the
mass of a titanium atom with one electronic charge
and a frequency of 5 cm ' using Eq. (4), the densi-
ty of such impurities would have to be 4. 25&&10'8/
cm' to explain the observed temperature depen-
dence of &„,. This is not excessive. For the
a axis, where &„,=2300 and &„=1500, and using
the same impurity as above, about 10' fewer im-
purities are required to explain the data. Such an
impurity content is quite likely in BaTiOS. Ques-
tions certainly arise: How are the impurities
really coupled to the lattice modes, and what is
their effective charge and mass? However, it
does seem that such a simple model can explain
some of the discrepancies between e„, and & .
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as T, is approached from below. We have dis-
cussed this in terms of dirty displacive ferroelec-
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We have shown' that the clamped dielectric
constant measured at microwave frequencies can
be enhanced considerably by a coupling between
impurities and the normal modes. For example,
if an impurity, given the subscript 1, is coupled
to the soft mode, subscript m, one obtains, in the
range (d«w
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