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A complete study of the lattice-dynamical behavior of the ferroelectric tetragonal perovskite PbTi03
has been carried out using Raman spectroscopy. The temperature dependence of all the
long-wavelength mode frequencies are determined. We show that a damped-harmonic-oscillator model

with a frequency-independent damping coefficient is sufficient to explain the observed shape of the
soft E(1TO) mode in the ferroelectric phase at all temperatures below T,=493'C. Moreover, by
combining our experimental mode-frequency data with pyroelectric measurements of the change in

spontaneous polarization P, with temperature, we obtain values of P, (25'C)=81 p,C/cm' and

P, (T,)=42 p,C/cm. This is in excellent agreement with a recent direct experimental measurement.

The temperature dependence of all the mode strengths has also been determined to T, . These results i

are used to extract the temperature dependence of the clamped dielectric constants. In PbTiO, the
dielectric constant along the ferroelectric axis e is determined primarily by the lowest frequency

A, (1TO) mode at all temperatures to T„ in contrast to BaTi03 where in the ferroelectric phase the
lowest mode determines only =25% of &,. In PbTiO, the dielectric constant perpendicular to the c
axis e is also determined by the lowest~E(lTO) mode at all temperatures. The possibility of
observing critical efFects near T, in the soft-mode data of PbTiO, has been examined. These effects
are not observed. Also, it is shown that very careful fitting of the soft-mode temperature dependence
to a functional form containing a minimum number of separately determined parameters is required

before critical effects can be invoked in first-order phase transitions of the displacive type.

I. INTRODUCTION

A large number of ABO3 compounds having the
perovskite structure (Fig. 1) display ferroelectric
or other types of structural phase transitions. '
From the point of view of both physical properties
and device applications, the literature on the
perovskite BaTi03 is especially extensive. ' For
these reasons, BaTi03 was one of the first perov-
skite ferroelectrics to be studied when the first
suggestions appeared in the literature concerning
the role played by lattice dynamics in the displacive
ferroelectric phase transition. Since that time
it has become clear that BaTi03 is not an ideal
displacive ferroelectric. ' For example, the pre-
dicted connection, through the Lydanne-Sachs-
Teller (LST) relationship, between lattice dynamics
and the temperature-dependent, damped low-fre-

tluency dielectric constant e(0) was observed not in
BaTiO3, but in SrTi03 ' and KTaO3 ' '" perov-
skites. These crystals never undergo the ferro-
electric transition although e(0) reaches large
values at temperatures approaching 0 K in both
these materials. More recently, Raman, '"'4' "'
infrared, neutron scattering, ' and x-ray experi-
ments' have revealed that BaTiO, does not behave
ideally because the "soft*' optic mode responsible
for the cubic-to-tetragonal ferroelectric phase
transition is highly overdamped. Preliminary
Raman studies' of KNbO3 suggest similar behavior.

Against the background just described, it was
interesting to discover that the ferroelectric
perovskite PbTiQ, behaves in the expected manner;
in fact, it appears to be a textbook example of a
displacive ferroelectric phase transition. The
Raman measurements" show that (a) selection
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AB03

FIG. 1. Cubic A,B03 perovskite structure.

rules below the transition temperature T, in the
tetragonal ferroelectric phase are obeyed for all
the modes, (b) the modes are sharp and under-
damped below T„and (c) the modes abruptly dis-
appear above T, as expected from the selection
rules. The neutron results' for PbTiO3 also show
well-behaved modes. Above T, the lowest mode is
underdamped throughout the Brillouin zone except
for very small wave vectors, and the lowest optic
modes at room temperature also are underdamped. '

In the present paper, we extend our earlier
Raman studies of the ferroelectric PbTiO3 in sev-
eral ways. Using exact expressions, instead of the
electrostatic approximation, ' for the angular de-
pendence of the "quasimode" spectra, we present
the temperature dependences of all the mode fre-
quencies. We show that for PbTig a damped-
harmonic-oscillator model with a frequency-inde-
pendent damping constant is sufficient to explain
the observed line shapes. Also, we use a series
of empirical fitting procedures combined with ex-
perimental mode-frequency data to obtain the po-
larization-vs-temperature relationship for PbTiO,
and mode strength data to obtain the temperature
dependence of the true clamped dielectric con-
stants. These results are further compared with
those predicted from the Devonshire free-energy
formulation, and comparisons made with BaTi03.
The results will also be compared to the unpolar-
ized Raman data.

II. EXPERIMENTAL

Crystals of PbTi03 used in this work were grown
by the flux technique using the phase equilibrium
data obtained by Sholokhovich in the PbO- TiO~-B~O3
system. " The melts utilized were comprised of
compositions in the range 50-70-mole'%%uo PbO,
25-15-mole/0 Ti02 and 25-15/o-mole'%%uo B20s. The
melts, contained in covered 100-cc platinum cruci-
bles, were placed into a furnace having a vertical

temperature gradient of 5 'C/in. at 1150 'C, held
for 2 h, and then program cooled at a rate of
3 C/hr to 800 'C. At this temperature the liquid
was decanted, and the crucible cooled under ther-
mal insulation to room temperature (- 8 h). It
was found that melts containing the greater PbO
content (approaching 70 mole%%uo) yielded thin crys--
tal platelets of large area (5 x 5 x0. 5 mm), whereas
increasing the TiO& and 8303 content in the melts
resulted in long rectangular parallelpipeds (-1x 1
x5 mm). Some of the latter crystals showed sin-
gle-domain regions of excellent optical quality.
These were used for the Raman experiments. It
proved impossible to pole the multidomain crystals
due to the high conductivity of the samples above
300 'C. Apparently, U ' doping of the crystals in-
creases the resistivity enough to permit measure-
ment of the dielectric constant to above the transi-
tion temperature. However, the crystals used
here were undoped.

The Raman measurements were obtained using
a conventional apparatus. A Spectra Physics 140
He-Ne laser with an output of approximately 70 m%
at 6328. 2 A was used. The argon laser was not
used on the PbTiO, crystals because they became
rapidly discolored by the laser presumably from
local heating. (The crystals had a slight yellow-
green color. ) The collected right-angle-Raman-
scattered light was focused into the entrance slit
of a Jarrel-Ash double monochrometer (with grat-
ings blazed at 5500 A) and detected with a small-
area FW-130 photomultiplier. The current from
the photomultiplier was measured with a microam-
meter (HP425A) and displayed on a chart recorder.

The sample was mounted in a temperature-con-
trolled furnace constructed from silver, for good
conduction, and Lavite for insulation, as shown in
Fig. 2. It was heated with a small Hotwatt heater
(Hotwatt Corp. , Danvers, Mass. ) and was used to
620 C. The furnace was found to be very conve-
nient for Raman measurements. It permits sample
mounting and measurement at room temperature
before putting on the furnace top.

III. FREQUENCIES OF VIBRATIONAL MODES AND
ANGULAR DEPENDENCE

The space group is 0'„, with one formula unit
per cell, in the high-temperature cubic phase of
PbTi03. Thus there are (3n —3) =12 optic modes
at long wavelength, or wave vector k=0 (k=2w/X).
The optic modes transform as the 3T,„+T&„ irre-
ducible representation of the point group 0„. The
T&„"silent mode" is triply degenerate and not
Raman or infrared active. The three triply de-
generate T,„modes ere infrared active; i. e. , an
oscillating dipole moment or polarization is asso-
ciated with the mode displacements. The long-
range electrostatic forces lift the degeneracy for
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e,((o) g, [(o,(i LO)' —~' ]..(-) rr,[.(iTO)'- ']
e.(u)) Q, [(o.(iLO)'- (g ]
e, (~) II, [(u.(iTO) —(o']

(2)

where u, and co, are the frequencies of the A, and
E modes, respectively, and &(~) is the dielectric
constant in a frequency region high compared to all
the lattice modes, but low compared to the elec-
tronic energies. For &o =0, Eq. (2) gives the fa-
miliar Lyddane-Sacks- Teller relationship for the
dielectric constant along principal axes. Combining
Eq. (2) with Eq (1)yields.
s,(~) cos'8 II[(u,(iLO)' —(o' ]II[(o,(iTO)' —(u' ]

In general, the LO modes were weaker. These
were directly measured except A, (1LO) and
E(SLO). The specific directions and polarizations
used are given in Ref. 1'7. Basically, specific
crystal orientations are used so that k can be along
various principal axes of the crystal. Then the
polarization of the input and scattered light is ad-
justed so that A, or E modes are measured. For
the right-angle scattering measurements carried
out in the present work, k is at 45 to incident and
scattered directions (k, = k, +k) and k, =k, . Thus,
some of the modes must be measured by directing
the incident light along the x+z direction, and
measuring the light scattered along the x-z direc-
tions, etc. " In Ref. 17 the frequencies of the
modes that could not be directly measured were
determined from the quasimode spectrum at 8= 45'
using the electrostatic approximation. ' Figure 4
shows somewhat different results than Ref. 1'7 for
these modes because here Merten's' ' exact ex-
pressions were used to relate the 8=45' data to
the principal-axis modes.

We now describe Merten's equation and compare
results obtained with it to those obtained with the
electrostatic approximation. In a uniaxial crystal
having symmetry such as C4„, the dielectric con-
stant as a function of frequency and 8 is given by'

e, (&u) cos 8+e, ((o) sin 8=0, (1)

where 8 is the angle between k and the c axis,
e, (&a) is the dielectric constant along the c axis as
a function of &u, and &,(&o) is the frequency depen-
dence of & along the a axis. Along any of the prin-
ciple axis Eq. (1) gives the frequencies of the LO
modes, i. e. , &,(&o)=0. However, for an arbitrary
value of 8 all infrared-active modes will have a
component of polarization parallel and perpendicu-
lar to the propagation direction. Thus, for arbi-
trary 8 this equation applies to all the infrared-
active modes, i. e. , those that are labeled LO and
TO along the principal axes. 3 The dielectric con-
stant along either of the principal axes can be
written in terms of the TO and LO frequencies
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PIG. 5. Frequencies of several A~ and E modes as a
function of 8 calculated from Merten's equations (Ref.
23) (solid curves) and the electrostatic approximation
(Ref. 19) (dashed curve). The experimental values at
8=45 o C are shown as crosses.

+ e,(~)sin'eII[(u, (iLO)' —(g']II[(o,(iTO)'- (g' ]= 0.
(3)

This is the usual form of Merten's equation. If
all the 3n —3 optic modes along the principal axis
are known, i. e. , the frequencies co, and &, of all
the TQ and LO phonons, then at any particular
value of e the Sn —3 values of &u that satisfy Eq. (3)
are the frequencies of vibration of the crystal.
These normal modes of the crystal at oblique an-
gles are sometimes called mixed symmetry modes,
quasimodes, or oblique modes. These modes cor-
respond to a general k direction as opposed to k
along a special direction in the Brillouin zone. As
is well known in band theory, for a general point k
not at a special point or along a special line) all the
eigenfunctions transform as the same one-dimen-
sional irreducible representation. Therefore, the
eigenfunctions will have different energies and
there will be a repulsion of the energy levels.

A trial and error method was used to determine
the Sn —3 values of &u that satisfy Eg. (3) for a
given 8. All the solutions must lie between the ex-
treme values of co, or co,. Figure 5 shows the re-
sults for PbTiO3 at 23 C. These curves were cal-
culated after all the principal-axis modes were de-
termined. As mentioned previously, the A, (1TO),
A, (1LO), and E(3LO) modes were too weak to de-
termine directly. The frequencies for these prin-
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cipal-axis modes first were determined by using
Eq. (3), the other principal-axis modes were di-
rectly measured, and trial and error was used to
find a best fit using the measured quasimodes at
8=45', at co=105, 159, and 7'72 cm '. This proce-
dure was repeated at elevated temperatures to give
the results shown in Fig. 4. To test these proce-
dures we compared the results from Eq. (3) to the
quasimodes measured at 8=45' with the experimen-
tally observed value at & = 310 and 559 cm ' shown
in Fig. 5. The agreement between the measure-
ment and calculation for the quasimode connecting
the E(3TO) and A, (3TO) modes is excellent. This
was true at all temperatures. The agreement be-
tween calculated and experimental values for the
quasimode between E(2TO) and A, (2TO) modes is
less satisfactory. It was initially suspected that
this was due to the influence of the silent mode at
292 cm '. However, as discussed later, the silent-
mode strength has been found to be extremely
small and should have little effect, on the quasi-
modes.

Figure 5 also shows the results for the electro-
static approximation (dashed curve) for the quasi-
mode connecting the E(3TO) and A, (3TO) modes.
The equation for this curve is

43'=[~(A, (TO))]'sin'8+[re(E(TO))]'cos'8 . (4)

At 8=45' the two curves differ by =20 cm '. This
difference illustrates the fact that the electrostatic
approximation will show reasonable agreement with
experiment if the principal-axis modes that occur
at 8= 0' and 90' are not widely separated in fre-
quency. For the case shown here, the principal-
axis modes are separated by almost 150 cm ' and
the largest difference between the electrostatic ap-
proximation and Merten's equation is 20 cm '.
Actually, the difference may be larger as will be
shown in the following discussion.

Figure 5 shows an angular dependence in which
the E(TO) solutions are always connected to A, (TO).
Similarly, E(LO) and A, (LO) are connected, but
in both cases the results are accidental. In fact,
it would appear from Fig. 4 that A, (1TO) and
E(1LO) will cross at lower temperature. It should
be appreciated that solutions of Eq. (3) will connect
modes of any two symmetries.

Figure 6 shows an example in which the modes
at 8=0' are fixed, but with two different possibili-
ties for the modes at 8=90 . In example 1, the
figure shows the solutions of Eq. (3), in which an
E(TO) mode is connected to an E(LO) mode. This
happens because the E(LO) mode is lower in energy
than the A, (TO) mode. Similarly, in example 1 the
A, modes are connected together. Example 2
shows the E(LO) mode 5 cm ' higher than the
A, (TO). Solutions of Eq. (3) show that the LO
modes are connected to each other. Similarly, the

A, (LO)
500

Ig

U

~ 200
0)

C9
K
LLI

LLI

yE(LO)
A,(ro)

~E(LO)

tOO E(~0)
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FIG. 6. Three possible connection schemes for TO
and LO modes of A.~ and E symmetry. Details of the
schemes are given in the text.

There are two important reasons for examining
the Raman line shape. First, near T, the ratio of
the linewidth to line position becomes of the order
of —,

' for the soft E(1TO) mode. Thus, a detailed fit
to the shape must be made to properly determine
the frequency &oo and damping constant y (gener-
alized linewidth) of the line as a function of tem-
perature. Second, we can examine the frequency
dependence of y, for which there is considerable
theoretical interest. The reason this can be done
using the PbTiO, data, near T, is that y/sro =2V

TQ modes are connected to each other. As dis-
cussed above, the no-crossing rule for these gen-
eral point in k space determines the ordering of
the levels. Several other points should be observed
from Eq. (3) and Fig. 6. For modes along prin-
cipal directions d&u/d8=0 always holds. This is
particularly important for considerations of powder
Raman spectra. ' The strong repulsion of the
modes near 8=90 can be seen in Fig. 6. Also
shown in Fig. 6 is the result for the simple elec-
trostatic approximation, Eq. (4), which connects
an E(TO) mode at 100 cm ' to the A, (TO) mode at
200 cm ' (example 3). The largest separation be-
tween curves 2 and 3 is greater than 26 cm ' and
occurs for 8= 50'. The large difference between
the simplified quasimode solution, Eq. (4), and the
general solution, Eq. (3), is due to the repulsion
of these particular quasimodes. As can be seen,
the error in employing the solutions of Eq. (4) in-
stead of Eq. (3) is 26% for the case illustrated.

IV. LINE SHAPE
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TABLE I. Values of the quantities contained in Eqs.
(8) and (9) used for the calculation of the E(1TO) line
shape given by Eq. (7).

0. 05
0. 1
0. 15
0, 2
0. 25
0. 3
0. 35
0 4
0, 45
0. 5
0. 55
0, 6
0. 65
0. 7
0. 75
0. 8

0. 85
0. 9
0. 95
1

Mp/M p

0. 999
0. 997
0. 994
0. 989
0. 984
0. 977
0.968
0. 959
0. 948
0. 935
0. 921
0. 905
0. 888
0. 868
0, 847
0. 824
0. 799
0. 771
0. 740
0.707

1(~&)/r(0)

400
100
44. 7
25, 2
16.2
ll. 3
8. 42
6. 51
5. 20
4. 26
3. 57
3. 05
2. 64
2. 32
2. 06
1.86
1.69
1.54
1.43
l. 33

larger extent at w»~, and changes in y would af-
fect the calculated results most strongly at + & +~.
This fitting, normalizing, and plotting procedure
was easily accomplished using a time-sharing com-
puter terminal and the conversational language
&PL (A Programming Language).

Although the basic principles of the effects of
anharmonicity on quantities such as y(cd) are under-
stood, quantitative agreement is seldom obtained
even for simple systems. A model for Sr TiO, ,
which includes in a very simple way the anharmonic
interactions between normal modes, has been used
to calculate the infrared ref lectivity. This cal-
culation2' is in some frequency ranges in better
agreement with the data" ' than the classical-
oscillator fit, ' ' and in other ranges in poorer
agreement. Such a comparison to infrared-re-
flectivity data can be contrasted to a Inore empiri-
cal approach in SrTiO„where the model used
was one in which the low-frequency mode was cou-
pled to the high-frequency mode. A good fit to the
ref lectivity was obtained. 9. In the work reported
here only a limited frequency range was covered
(~9-90 cm '), but it appears that the simple-
damped-harmonic-oscillator form, Eq (5), fits.
the data very well.

Recently, neutron spectroscopy' disclosed the
presence of an anomalous line at zero wave vector
in SrTi03. Silverman" has calculated a Raman
response at zero frequency that would become
observable when the damping becomes comparable
to the harmonic frequency. Cowley has also cal-
culated a zero-frequency response in piezoelec-

tric crystals. We have attempted to observe such
behavior for the soft E(1TO) mode near T,. The
slits on the monochromator were decreased until
the E(1TO) mode was just detectable (signal-to-
noise ratio of =2). The spectrum was measured
at several temperature between 450 'C and T,.
For ~ 4 cm ' no anomalous behavior could be de-
tected.

V. TEMPERATURE DEPENDENCE

A. Temperature Dependence of the Soft Modes

In this section we compare the temperature de-
pendence of the mode frequencies with other ex-
perimental data, namely, spontaneous polarization
and spontaneous strain as given by the crystal c/a
ratio. We compare the mode frequencies and
strengths with those calculated from Devonshire
theory and other models.

From mean-field as well as the self-consistent
phonon model calculations" "the frequency of
the A, (1TO) mode is expected to be proportional to
an order parameter in the ferroelectric phase.
The order parameter is the spontaneous polariza-
tion P, for a ferroelectric. However, it should be
remarked that this proportionality has not been
proved in general. Thus, it is important to es-
tablish the relationship between the temperature
dependence of A, (1TO) and P, Recen. t accurate
experimental measurements of AP, using pyroelec-
tric techniques show that P, changes by 39 pC/cm
between room temperature and T,. To fix the
absolute scale, P, was measured at room tempera-
ture. However, the reported room-temperature
value of 57 pC/cm obtained using a pulsed-field
technique and based on a single measurement un-
doubtedly is much too low. (This would lead to a
value of 18 p, C/cm at T„which is what is found
in BaTi03 at its transition temperature; however,
the spontaneous strain in BaTi03 is 3.3 times
smaller. ) Conventional hysteresis-loop measure-
ments yield 8 75 p, C/cm at room temperature and
40 p, C/cm at T,. Theoretical estimates range
from~~ 54 to 81 p.C/cm .

Since theory suggests &o(A, (1TO))~P„we have
taken the approach of fitting the temperature de-
pendence of the measured A, (1TO) Raman data with
measurements of P, = 4P, +Po, where PO=P, (T,)
and bd', is taken from the pyroelectric measure-
ments. Figure 8 shows the normalized results
for P, =42 p, C/cm . With this value of P, the
room-temperature value of P, would be 81 pC/cm2.
The resulting agreement with the experimental
results obtained by standard loop measurements'
is very good.

As another check on the above-determined rela-
tionship, P, = nP, +42 pC/cm, we can compare
the A, (1TO)-mode frequencies with the experimen-
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tally determined spontaneous strain by means of
the relation P, ~ (c/a) - 1. (The constant of pro-
portionality for the BaTiO, case is found to be the
same regardless of the measurement technique. ~')

Figure 8 shows (e/a- 1)' normalized to 85. 8 cm '
at T,. There is reasonable agreement between the
two measurements particularly in the interval
-200 'C below T,.

The constant of proportionality that relates the
strain x&J to the polarization bilinearly, P,P„ is
the electrostrictive coefficient Q&»„which is a
fourth-rank tensor. For a stress-free crystal
such as PbTi03 in the cubic phase,
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where we have used the (Voight) contracted nota-
tion in the last two equations of Eq. (10). Here,
the 3-index refers to the z axis and the 1-index to
the x axis. If these electrostrictive coefficients
are independent of temperature then values ob-
tained above and below T, should be in good agree-
ment. This is indeed the case in BaTiO3. ' From
Eq, (10) one can obtain

C/0 —1 = ($33 —'913)P

Using the room-temperature results'9 for c/a and

P, (= hP, +42 pC/cm ), as shown in Fig. 8, one
obtains @33 @f3=1.1x10"cgs for PbTiO, . It is
interesting to note that in BaTiO„'s Q» —Q,~

= l. 8
x10 ' cgs, which is similar to the lead salt. This
indicates the similarity of these two perovskite
crystals.

The relation in Eq. (10) could give Q» and Q, s
separately. However, to determine each quantity
separately the deviation of the e axis and a axis
from a reference value must be known. In BaTiO&
this reference could be taken as the high-tempera, -
ture cubic cell constant extrapolated below T, or
as the cube root of the volume. 3~ Both approaches
yield similar results in BaTi03. ' However, this
is not true in PbTi03, where the extrapolated cubic
cell constant would yield temperature-dependent
individual electrostrictive constants. However,
using the cube root of the volume as a reference, "
we obtain Q3~/Q, 3 =- 2 for PbTiO„whereas the
ratio is —2. 2 in BaTi03. Thus, in this respect,
the two salts behave in a similar manner.

For comparison with the A, (1TO), the soft
E(1TO) frequency is also shown in Fig. 8, but
normalized to 65. 8 cm ' at T,. Two points are
immediately noticeable. First, the E-mode tem-
perature dependence is somewhat flatter than that
of the A& mode. This is similar to behavior ob-
served in SrTiO3 below the structural phase tran-
sition at 110 K. The flatter temperature depen-
dence of the E mode compared to the A, mode is
expected from theory. 33'~5 Secondly, the E(1TO)
mode is approximately proportional to P, near T„

FIG. 8. Frequency of the A~ (1TO) mode (solid cir-
cles) as a function of temperature. The solid curve, P~,
was obtained from experimental pyroelectricity data
(H,ef. 22) and the value of the spontaneous polarization
at T, was adjusted to have the curve fit the frequency
data of the A~(lTO) mode as discussed in the text. The
dashed curve (c/a-1) was obtained assuming the po-
larization proportional to the spontaneous strain. The
curve is normalized at T, to the A~(1TO) frequency.
Curve P~ was calculated assuming a Devonshire-like
dependence of polarization on temperature. All curves
are normalized to 65. 8 cm at T,. Normalized E(1TO)
data are also shown for comparison.

which is also in agreement with theory. ' '

The results in Fig. 8 for the temperature depen-
dence of +[A,(1TO)] can be compared to that cal-
culated from the Devonshire free-energy theory.
The three-term Devonshire expression for the dif-
ference in free energy between the polarized and
unpolarized ref erence phase at constant tempera-
ture is'

P(P& T) —P(0& T)=A(T- To)P —BP + CP
(12)

where P is the polarization and A, 8, and C are
constants, at least over some limited temperature
range. From the minima of the free energy (BE/
SP)r = 0, an equation for the temperature depen-
dence of the spontaneous polarization P,„can be
obtained' ":

P —3P [1+(1 ——r) +]
P', =a/2C, r=(T- T,)/(T. —T,).

(13)

(14)

P, is the spontaneous polarization at T„and 7 is a
dimensionless temperature factor. Taking T, —To
=42 'C from a recent measurement, no param-
eters are required other than normalization at T,.
Figure 8 shows the result calculated from Eq. (13).
The curve is normalized at T, to 65. 8 cm '. The
Devonshire P« is below P, and &o(A, (lTO)) over
the entire temperature range shown. The free-
energy expression, Eq. (12), contains only three
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terms, which are close in value. [For example,
at T = T„P,is given in Eq. (14) and' ' A(7; —To)
=B /4C, so the three terms on the right side of
Eq. (12) are in the ratio 1:—2: 1. ] In BaTi0, 4'

this limited expansion of the free energy shows up
clearly in a very strong temperature dependence
of the B coefficient of Eq. (12). Thus we conclude
that good agreement between the theoretical Devon-
shire spontaneous polarization P,~ and the experi-
mental value, or the value of +[A,(1TO)], should
not be expected over a large range of temperature.

B. Temperature Dependence of the Mode Strengths

50

20—

0 AI

DE

0~
0

Measurements of the mode dielectric strengths
are of considerable importance as they permit an
unambiguous determination of e(0), the clamped
zero-frequency dielectric constant. In this man-
ner the mode(s) responsible for the dielectric be-
havior of the PbTi03 can be ascertained and com-
pared with BaTi03. ' The dielectric strengths S,
of the modes, as in Eqs. (5) and (6), can be deter-
mined from knowledge of the transverse and longi-
tudinal fr equencies. The longitudinal frequencies
are given by the zeros of the dielectric constant,
e(~Lo) = 0. If all ~To and +„o are known, then for
the three A, modes the requisite S, values can be
obtained from three simultaneous equations. Sim-
ilar considerations apply to the three E modes.
Table II collects our results for PbTiO„as well
as those reported" " in BaTi03 for comparison.
Figure 9 shows the temperature dependence of S&

for the three A, modes and the three E modes.
Consider first the A, modes. As demonstrated

in Table II and Fig. 9, the lowest A, (TO) mode
exhibits the largest dielectric strength at all tem-
peratures. Thus, it is this mode which dominates
the dielectric behavior along the ferroelectric c
axis at all temperatures below T,. Only in BaTiQ,
are comparable measurements available at room
temperature, where it was unexpectedly found that
the middle A, mode, A, (2TO) (at 270 cm ~), domi-
nates the dielectric constant along the c axis' (cf.

A1(To)
(cm 1)

PbTio3
A, (Lo)
(cm-')

A1 modes

A, (To)
(Cm 1)

BRTio3
AI(LO)
(cm-')

127
364
651

215
445
797

4. 46
0, 63
0. 36

170
270
520

185
475
725

0, 44
4. 24
0. 20

E(To)
(cm-')

PbTi03
E(Lo)
(cm-')

E modes

E(TO)
(cm ')

BaTio3
E(LO)
(cm-')

89
221
508

128
445
717

10.11
5. 37
0. 27

34
183
500

180
460
700

362
0. 44
0. 16

TABLE II. Frequencies and dielectric strengths of the
A, ~ and E LO and TO modes of PbTi03 and BaTi03 [Hefs.
5(d) and X2j.

o I—Cl
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FIG. 9. Temperature dependence of three A~- and
three E-mode dielectric strengths.

G= 3m[8 A(T, —To)] ~, (16)

where 7 is defined in Eq. (14). In Fig. 10 a plot of
g,„ is shown taking G as a free parameter to give a
least-squares fit to the data. The fit obtained in
Fig. 10 is quite poor although the general tempera-
ture dependence of the data is followed. However,
a value of G=232 was required to obtain the curve
in Fig. 10, whereas G=1200 would be calculated
from Eq, (16) using experimental measurements 3

of A, T„and T0 obtained from dielectric data
above T,.

In view of the poor fit of the Devonshire clamped
e(0) to our experimental temperature dependence,
we have modeled the dielectric data along both axes
to an empirical equation of the form

Table II). On the other hand, from Table II it is
clear that PbTiO, has the behavior expected, "
since the lowest A& mode at all temperatures in the
ferroelectric phase dominates e(0) along the ferro-
electric c axis. Figure 10 shows a plot of e(0)
= e .(1+/ S, ) along the a and c axes [Eq. (6)], with'2

e„estimated to be (2. 52) =6. 37. Note that S&, as
written in Eqs. (5) and (6), is independent of z„.

%e have attempted to fit the clamped dielectric
constant g along the ferroelectric c axis using the
Devonshire free-energy formulation of Eq. (12).
For large s, 4m/s = (8 F/SP )r, and e along the c
axis becomes

e,~
= G[(1 ——,

' r) + (1 —,' r)' '
] '~', —
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has all the dielectric strength at room tempera-
ture. Of course in BaTiO3 this very-low-frequency
(84 cm ') E mode, with very large 9„ is associated
with the transition below room temperature to the
orthorhombic form. '

200—
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FIG. 10. The experimental clamped dc dielectric
constants of PbTi03 along the a and c axes calculated
from the temperature dependences of the A,~- and E-
mode dielectric strengths. The solid curve through
the data points is a fit from Eqs. (17) and (18). For com-
parison, the clamped c-axis dielectric constant at zero
frequency has been calculated from the Devonshire for-
mulation (e~).

(17)

(18)

The form of Eq. (17) has its origin in the fact that
the dielectric constant of Eq. (15) diverges upon
heating at a temperature T„, above T„given by
Eq. (18). This is rigorous if one ignores the
adiabatic correction, a reasonable approximation
for the perovskites. Taking T, =493 'C and To
=450 'C, we obtain T„=507 'C. It is clear from
Fig. 10 that the empirical equation fits the data
very well over a very large temperature range.
The two parameters, obtained by a least-squares
fit, are G=6'14 and 966, e= —0. 447 and —0.340,
for q along the e axis and a axis, respectively.

For the E modes the lowest mode in PbTi03 has
the largest strength at room temperature. More-
over, as T, is approached its strength becomes
fractionally more important since the strength of
the next lowest mode is essentially independent of
temperature (Fig. 9). In HaTiO, the lowest E mode

C. Temperature Dependence of the Damping Constant

As discussed in Sec. IV and Ref. 17, the shape
of the lowest E(TO) mode, E(1TO), can be fit very
well by a function of the form of Eq, (7) which is
based on a damped-harmonic-oscillator model.
The details of the temperature dependence of y
are given in Ref. 1V. Some of the measurements
just below T, were taken at 0. 25 'C intervals and
Eq. (7) fits the line very well to the temperature at
which the line disappeared.

In Ref. 17, y vs temperature was fit to a func-
tional form obtained from the Devonshire dielectric
constant along the c axis. (Recall that the E modes
determine the dielectric constant along the a axis, )
However, it was also pointed out that the fit is not
unique, since we could find other fits to the data.
The empirical form of Eq. (17) also can be used
to fit the temperature dependence of y very well.
Table III shows the results for two temperature in-
tervals. We take the smaller interval near T, with
the thought that the changes in the order parameter
are largest in this region. Thus, this region prob-
ably represents the ferroelectric effects with little
interference from normal thermal effects that cex-
tainly enter into the larger rangeof 23 'C to T,. As
can be seen in Table IQ, the empirical equation fits
very well in both temperature intervals.

We have also used the same form, Eq. (17), to
fit the soft-E- and soft-A -mode frequencies. As
can be seen in Table III, the fit is also good. How-

ever, we emphasize again that no theoretical justi-
fication exists for this functional form. In fact,
for the mode frequencies, there are theoretical
calculations showing that for T = T„ the frequencies
are not zero for a first-order transition. 43 This
will be discussed in Sec. VD.

Examining the empirically fit curves for the
mode frequencies, for the E(1TO) mode between
480 'C and 7, we find y[&o(E(ITO))] = const. At

any temperature in this interval the value of @co is

TABLE III. Parameters of the empirical fits to the A~(1TO) and E(lTO) frequencies and E(1TO) damping constant for
a divide and a narrower temperature interval up to T,. The empirical function is given in Egs. (17) and (18). The numbers
in parentheses are the minimum deviations, Eq. (25).

Temperature
range ( C)

Z(1TO)
6 {cm ~) 6 (cm ~)

A.g(1TO)

460- T—T

81.5

63. 2
(O. 861)

{o.2o7)

-O. 397

-0, 317

38.7
(O. 593)

{O.351)

0. 135

0, 157
(1.543)

{1.481)

0. 172
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at most 5/p larger than its value at T,. For the
larger temperature interval, 23 C to T„yw is
reasonably constant by fitting the values at lower
temperatures. However, this fit is not very good
for T ~ 460 'C since deviations from the value at T,
of up to 23% are obtained. Figure 11 shows the
experimental results between 400 C and T, and
the least-squares fits from Table III in the 460 'C
to T, interval. As will be discussed in the second
paper in this series, the singular behavior for y
is observed in a wide range of solid-solution perov-
skite ferroelectrics for the soft E mode, but not
the lowest A, mode. This is observed as long as
the soft E mode is not too highly damped. In pure
BaTiO„where the damping is larger than the
harmonic frequency of the E mode, y appears to
have at most only a small temperature dependence.
Silverman ' has proposed a theory for the tempera-
ture dependence of the damping constant.

D. Comment on Critical Effects

In this section we examine the possible role of
critical effects in influencing the soft-mode TO
frequency near the first-order transition in PbTi03.
Such effects have been reported at the first-order
transition in quartz. 44

IOO

( )1/8 T.= To+ 3 (T.—To).

The result for T„already has been given in Eq.
(18) since this is also the divergence temperature
of the dielectric constant in the ferroelectric phase.
Writing the temperature dependence of the polar-
ization i.n terms of P„and T„we obtain

(20)

Figure 12 shows the free-energy curve for sev-
eral temperatures near a first-order transition at
a temperature T,. T„ is the superheating tempera-
ture, above which there is no longer a zero for
dhF/dP except at P= 0. If there were no thermal
effects the system would stay ordered for tem-
peratures above T, until T„was reached. At T„
there is no longer a minimum in b,E except at
P =0, so the system no longer has a polarization.
The value of the order parameter P corresponding
to approaching T„ from below is called P„. Figure
12 also shows P vs temperature. In the lower
curve, at T„, dP/dT diverges. Also shown on the
P-vs- T curve is the temperature T0 which is the
supercooling temperature, corresponding to the
temperature below which there is no longer a local
minimum at P= 0, as also shown in the bE-vs-P
plot.

The Devonshire free energy, ' Eq. (12), can be
used to determine P„and T„ in terms of measur-
able quantities. The result is

90 Expanding for T„—T & 4 (T, —T„), we obtain

c 0
(21)
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I'IG. 11. Experimental values of the A~(lTO)- and
E(1TO)-mode frequencies and the E(lTO) damping con-
stant compared with calculated results based on an em-
pirical model discussed in the text (solid curves).

If critical effects are important an exponent in the
temperature term of —,

' might be expected. To
compare these results to the experimental results
we need only assume that the soft-mode frequency
is proportional to the order parameter. As pre-
viously discussed, this is a result that all theo-
retical models predict, although it has not been
shown to be true in general. Thus, assuming only
that ar ~P, v„= ( —, )' +, from Eti. (21), and taking
the relation for T„ from Eq. (18), we obtain

(0 = Q)++X(T„—T) + ' ' '

&uK= —
( T)

(22a)

(22b)

Again, critical effects would suggest a —,
' for the

exponent of the temperature dependence in Eq.
(22a), instead of —, as found from Devonshire's
free- energy expression.

We have used Eg. (22a) to fit the experimental
temperature dependence of the soft-mode frequen-
cies. The first consideration in fitting is the tem-
perature range that should be used. We already
have seen in Fig. 8 and the discussion in Sec. VA
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rectly to work describing the critical effects at the
first-order transition in quartz44 we attempted a
four-parameter fit. Thus, we used Eq. (23) for a
least-squares fit of the soft A, (TO) data. , but al-
lowed all four parameters e„, T„, a, and P to vary
as was done for quartz. With four parameters
we find that the experimental data can be fit very
well with a large variety of exponents P. For
example,

I
li

I
I s

To Tc TU

FIG. 12. Free-energy and polarization curves for
temperatures near a first-order transition at T, [after
Devonshire (Ref. 1)].

that the Devonshire form for the spontaneous po-
larization does not fit the temperature dependence
of the soft A& mode over the temperature interval
23 'C to T,. On the other hand, it is apparent that
very near T, a straight line could be used to fit the
data. We have taken the approach of rewriting Eq.
(22a) as a two-parameter equation to be least-
squares fit to the experimental data over several
ranges of temperature. Fixing T„=504 'C and &„
= 53. 7 cm ' for the A, (TO) mode from Eq. (19), we
rewrite Eq. (22) in the form

»»» = »dg + Q (Tg —T) (23)

where e and P are determined from a least-squares
fit to the experimental data. For example, in the
temperature interval 445 'C to T„we obtain
o = 2. 87 and P= 0. 621. This temperature interval
is probably close to the largest that can be used in
the expansion of Eq. (19) to the form contained in
(20). On the other hand, for the temperature in-
terval 400 'C to T, we obtain, for a fit to the A, -
mode data, n=3. 68 and P=0. 541. For larger

. temperature intervals the values of n and P do not
vary significantly. (For example, in the interval
350 C to T„a=4.22 and P=0. 497. ) From the
expansion of Devonshire's equations, Eq. (21), we
would predict a =3.55 and P= —,'. Thus, we are
forced to conclude that we have not seen critical
effects in the temperature dependence of the soft
A, (TO) mode. Also, to the extent that we can de-
termine the curvature of the A, (1TO)-mode fre-
quency with temperature, an expansion of Devon-
shire's equations is in modest agreement with the
experimental results near T,.

To be able to compare our approach more di-

»0= 55+9.06 (495. 25 —T) ' ',
~ =35+ 27. 22 (495. 25 —T)0'"0.

Both fit the experimental data to within no more
than 2 cm ' disagreement, which is better than the
experimental accuracy of the frequency measure-
ment for these wide lines. Defining the minimum
deviation as

2~ (+e»Llc»»»»meas»)
)=1

(25)

the minimum deviations for the two fits of Eq. (23)
are 1.59 and 0. 86, respectively. Therefore, we
conclude that the parameters in the four-param-
eter fits are not significant owing to the fact that
for a large variety of parameters and exponents,
the experimental data can be fit within its limits of
error.

These results are significant with respect to the
use of many-parameter fits in interpreting experi-
mental data. Considering further the quartz elastic
constant data, we find that a large number of fits
to the experimental elastic constant data are possi-
ble. We have found, for example, that exponents,
P in Eq. (23), may range from the reported 0.34
to as low as 0. 2. Moreover, the least-squares
deviation, Eq. (24), is a factor more than 2 small-
er for the latter value of P than for the 0. 34 value.
However, both calculated curves, for the elastic
constants, fit the data to what is probably better
than the experimental accuracy. From these re-
sults it appears to the present authors that as yet
there is in fact no experimental evidence from
Raman measurements for critical effects at first-
order transitions. Finally, it is also evident that
a four-parameter fit of the type in Eq. (23) re-
quires very accurate experimental data before the
coefficients can be trusted to have physical mean-
ing. We would expect that a two-parameter fit is
more realistic provided that the values of co„and
T„are separately determined.

VI. ADDITIONAL COMMENTS

Axe ' has shown that with a knowledge of the
parameters in Eq. (5), the atomic displacements
in the ferroelectric phase, and several other rea-
sonable assumptions, it is possible to calculate
the spontaneous polarization. We calculated the
room-temperature polarization of PbTi03 using the
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frequency and strength of the lowest A., mode from
Table II, the published atomic displacements,
and the treatment given in Ref. 25. The result
obtained is P, = 55 pC/cm . This value is some-
what lower than the value 81 y, C/cm found in Sec.
VA, or that determined from hysteresis loops 6

(75 pC/cm ). However, in view of the assump-
tions made, it is in modest agreement with the re-
sults. The calculation assumes that the eigen-
vector of the lowest and most important normal
mode does not vary with temperature. The tem-
perature dependence of the effective charge of the
lowest A, mode was calculated in PbTiO, to test
the validity of this assumption. The effective
charge is proportional to S,igT«, as can be seen
from Eq. (5). Using the data for A, (1TO) from
Figs. 4 and 9, it is found that a variation of 0. 7 to
1.0 is obtained between room temperature and T,.
This percentage variation of the effective charge of
the lowest A, j mode, although not large, is certainly
indicative that the eigenvectors of the A.~ modes cannot
be treated as completely independent of temperature.

The mode-frequency results reported here can
be compared to a less complete study of PbTiO3
using unpolarized Raman measurements and po-
larized infrared techniques. The infrared-reflec-
tivity measurements for the E modes seem to
show some extra features, but with the use of a
Kramers-Kronig (KK) analysis three transverse
modes at 115, 255 and 510 cm ' were obtained.
(Reflectivity and KK results are in Fig. 1 of Ref.
21, ) These compare to the room-temperature
values obtained in the present study of E(TO) of 89,
221, and 508 cm '. For the longitudinal modes the
KK analysis gave 135, 445, and 680 cm ' while
the values obtained here for E(LO) are 128, 445,
and 717 cm '. As can be seen, the agreement in
some cases is very good, but in others, quite poor.
It is more difficult to compare the data presented
here to the infrared A, -mode data (Fig. 2 of Ref.
20) because of the large number of extra features
obtained from the ref lectivity data. If the principal
features from the KK analysis are used, the agree-
ment between the infrared data and the Raman re-
sults reported here for the A, modes is poor (only
two out of the six modes agree). This poor agree-
ment is probably related to the extra features in
the ref lectivity data. We also note that the tem-
perature dependence of the KK analysis for the low-
est mode above 7, does not appearto obey a(T —T,)'
law as expectedfrom the Curie-Weiss behavior
of & and the Lyddane-Sachs- Teller relationship.

The results determined from unpolarized Raman
measurements of course cannot be uniquely as-
signed as to mode type, A, or E, and TO or LO.

Actually, the data obtained (Fig. 5 of Ref. 20) ap-
pear to look rather similar to the results of pow-
der Raman measurements. ' This is probably

'
fortunate since there can be a number of strong,
sharp quasimodes which would appear if a single
crystal with several arbitrary orientations were
used. However, a crystal with a very large number
of arbitrary orientations would be similar to a
powder so that the quasimodes get averaged and
powder Raman results apply. The temperature
dependences of the unpolarized results, in gen-
eral, are similar to the polarized results reported
here (see Fig. 4) except that the unpolarized modes
cannot definitely be assigned.

The very interesting questions remain as to why
PbTiO, is well behaved, in that the Raman selection
rules are obeyed up to and above T„and the modes
underdamped to T,. We have no clear answers for
these two questions and can only speculate at this
time. Silverman ' has shown that it is possible to
explain the divergence of the damping constant y
by relating the temperature-dependent frequency
of the mode to the separation of, for example, the
transverse- and longitudinal-acoustic branches.
This type of coincidence could also account for the
highly overdamped mode in BaTi03. 4'"' ' Possi-
bly the selection-rule problem in BaTi03, and
lack of one in PbTi03, is closely related to line-
broadening effects in the sense they are both re-
lated to strong anharmonic effects and/or separa-
tions of branches in the Brillouin zone. One notice-
able difference between BaTiO, and PbTi03 is that
the latter contains a much more rigid oxygen octa-
hedron in the ferroelectric phase. Since the
short-range forces between the oxygen atoms are
large, the approximate "cubic" symmetry in
PbTiO, could reduce the anharmonic forces. In
ferroelectric BaTiO, the oxygen octahedra is dis-
torted so these forces could be larger.

It also should be pointed out that if BaTiO3 is
disordered above and/or below T, as suggested, ' '
the differences between BaTiO3 and PbTi03 could
be due to factors remote from those considered
above. However, the diffuse x-ray results' leading
to a disorder model of BaTi03 have been explained
in other ways, ' ' so that there is as yet no ap-
parent 3pproach to resolving the problem.
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