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%1078 eV cm, A=1.0 eV, and for the remaining
parameters, the values identical to HgSe. The
quantities A’, M, L’, and (L-M-N) are given in
units of #%/2m,.

As can be seen in Figs. 1 and 2, the effective-
mass change with E, at ~10'" cm ™3 is very simi-
lar to the prediction from the three-band approxi-
mation. However, for the concentration ~5x10'8
cm ™3 in HgSe and ~2x10"® ¢m ™3 in HgTe the be-
havior is qualitatively different. The strongest
deviation takes place at E,=0. Values of pres-
sure P given in the figures were calculated as-
suming that dE, /dP=1.4x107° eV /atm, and that
E.(P=1 atm, T =4.2°K) =0.22 eV for HgSe and
E,(P=1 atm, T =4.2°K) =0.03 eV for HgTe.

We also consider the influence of different val-
ues of A on the behavior. As indicated in Fig. 2,
a decrease in A accentuates the increase in m *
with pressure at high donor concentrations.
Thus, the increase in m * with pressure may oc-
cur at lower donor concentrations than expected
for A constant, if A is decreasing with pressure.

We have shown that higher band interactions
must be considered for the effective-mass deter-
mination in narrow-gap semiconductors with high
carrier concentrations. These results should be
particularly important in the evaluation of pres-
sure and temperature dependence of w * in semi-

metals and narrow-gap semiconductors.
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RAMAN STUDIES OF UNDERDAMPED SOFT MODES IN PbTiO4 *
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IBM Watson Research Center, Yorktown Heights, New York 10598
(Received 24 February 1970)

Unlike other ferroelectric perovskites, PbTiO; displays temperature-dependent Raman
spectra consisting of underdamped modes, including the “soft” transverse-optical (TO)
modes. Moreover, the softest TO mode shows linewidth divergence at the ferroelectric-
to-paraelectric transition. Also in contrast to previously studied perovskites, Raman
selection rules are rigorously obeyed in both the ferroelectric and paraelectric states.

In this Letter we report the temperature de-
pendence of the Raman spectra of the perovskite
ferroelectric’ PbTiO;. Our results differ sub-
stantially from those reported for related perov-
skite ferroelectrics® % in the following respects.
(a) All modes in PbTiO,, including the “soft”
transverse-optic (TO) modes, are underdamped
in the ferroelectric state up to the transition
temperature T, =493°C. At T,, the ratio of
damping coefficient to lowest transverse-mode
frequency, y/w,, approaches 0.5 (>v2 is over-
damped). Thus, the mode no longer has a simple
shape from which w, can be obtained from the

peak position and y from the full linewidth at
half-maximum intensity. Rather, the line was
fitted using a classical damped-oscillator model
to obtain y and w,, with excellent agreement be-
tween experimental and calculated line shapes.
(b) For the first time, a damping constant has
been observed which diverges as T, is approached.®
(c) The Raman selection rules in the C,, ferro-
electric state are rigorously obeyed. (d) Since
the modes are theoretically inactive in the cubic
(0,) paraelectric phase, and the transition at
T, is first order, the modes abruptly disappear
on heating through the transition temperature.
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Crystals of PbTiO, used in this study were
grown from PbO-TiO,-B,0,; melts using the
phase-equilibrium data of Sholokhovich.” Raman
measurements were obtained with a 70-mW He-
Ne laser at 6328 A and a Jarrell-Ash double
monochromator.

Figure 1 depicts typical spectra. As can be
seen, the lines are sharp and appear only in the
appropriate polarization. Only the x(z22)y spec-
trum,® which allows TO modes of A, symmetry,
shows a strong extraneous line at ~150 cm ™,
The totally symmetric A, spectrum is commonly
observed to contain extraneous lines. Also
shown in the insert in Fig. 1 is the lowest E(TO)
mode at two temperatures near T,. Here it is
clear that the mode is underdamped, although
the linewidth is about half the peak position. To
obtain the damping coefficient ¥ and position w,
from such lines the usual damped classical har-
monic-oscillator equations were used. The di-
electric constant is given by

e = Sw®
€(w)-€, or—wttimy (1)
Since Raman emission is proportional to the
imaginary part of the dielectric constant, €” (w),
the Raman line intensity is given by*

ETP ¢’ (0)yw,’
(woz_wZ)z + 72w2 ’

where P, is the spontaneous polarization and
€’(w) is the real part of the dielectric constant.
For y/wy,< 1, v is simply the full width at half-
maximum intensity. When y/w,~1, Eq. (2) must
be used to calculate the line as shown in Fig. 1
(insert). As can be seen, excellent fits have
been obtained.

Figure 2 shows vy as a function of temperature.
Here, y appears to have a singularity slightly
above T.. A singular behavior for the damping
constant has been predicted theoretically based
on a one-dimensional model.® However, for a
three-dimensional model the same interaction
no longer yields singular behavior for y.'° Note
that y applies to the “soft” transverse E mode,
the frequency of which is related by the Lyddane-
Sachs-Teller (LST) relationship to €,, the dielec-
tric constant perpendicular to the ferroelectric
axis. Nevertheless, from the similarity between
v(T) and the known temperature divergence of

, the following approach was successfully
employed. From the Devonshire free-energy
expansion in terms of even powers of the polari-
zation P, where A, B, and C are constants and

I, (w)x @)
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FIG. 1. Some typical spectra for various polariza-
tions of PbTiO; at 23°C. The bottom curve shows two
A transverse-optic modes, A;(TO). Three are ex~
pected. The mode at 150 cm™! does not appear to be
a first-order Raman line and the lowest A;(TO) mode
is not directly observed but is seen in the quasimode
spectrum. The middle curve shows the expected four
E transverse-optic modes. The top curve shows a
quasimode spectrum. All the modes that should be
observed are present except a longitudinal mode as-
sociated with the 4,(2LO) and E (3LO). This mode is
possibly the one evident at 440 cm™!, The insert shows
the measured (M) and calculated (C) shape of the low-
est mode from the middle spectra at high temperatures,
E(TO). The calculated fit is discussed in the text.
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FIG. 2. Measured linewidths, or more exactly, the
damping constants [Eq. (2)], versus temperature for
the soft E (1TO) mode. The solid line is the calculated
curve, fit to the data at 450°C, described in the text.
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where 7=(T-T,)/(T,-T,). This describes ¢, (7T)
in the ferroelectric phase when P is large. It
can be easily shown that €, in Eq. (3) diverges at
a temperature above T, given by T, =T, + &)(T,
-T,). From recent dielectric measurements'?
in PbTiO,, T, =493°C and T,=450°C, so T,
=507°C. Using 7=(T-450°C)/43°C in Eq. (3), the
temperature dependence of ¥ was calculated
assuming y« (€,)". The proportionality constant
was obtained by fitting at 450°C. Figure 2 indi-
cates that excellent agreement with the experi-
mental points occurs with n=3. In units of cm ™,
y=(24.1)[(1-37/4) + (1-37/4)V?]~ /2 describes
this curve.!®

It should be pointed out that the experimental
data shown in Figs. 2 and 3 were taken with in-
creasing temperature. The ferroelectric transi-
tion in PbTiOy is first order with thermal hys-
teresis. Upon heating, the transition takes place
at 495.5°C with an abrupt disappearance of the Ra-
man spectrum as expected from Eq. (2) because
P goes to zero discontinuously and there are no
Raman-active modes in the cubic, high-temper-
ature phase. Upon cooling from the paraelectric
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FIG. 3. Temperature dependence of the various
Raman lines. Note that the scale is broken at 125
cm™! to clarify the soft modes.

state the transition takes place at 488°C. At

this temperature the observed line positions and
damping constants are identical to those observed
on heating at 488°C.

Figure 3 shows the temperature dependence of
the observed lines including all the TO and all
but two of the longitudinal (LO) modes. All of
the TO modes were observed directly, i.e., the
E(TO) in z(yz)x scattering and the A4,(TO) in
x(zz)y scattering, except the lowest 4,(TO). This
mode could only be found by measuring the quasi-
mode wgq, in z(yy)x scattering as in Fig. 1 and
determining w  (to) from wg,*= w4 (1)’ sin?6
+wg (To)”>cos?0 where 6=45° This is an approx-
imation'®*3 that we have found to be reasonably
good for the other quasimodes where we have
measured the A and E transverse mode as well
as the quasimode. The longitudinal modes in
general were not as intense as the transverse
modes. The highest-A and lowest-E longitudinal
modes were directly observed in x +z(yy)x~2z

‘and x(yz)y polarization, respectively.® The

quasimodes associated with the highest and low-
est longitudinal modes were also observed as in
Fig. 1. Thus, the highest-E and lowest-A longi-
tudinal modes were calculated as above for quasi-
modes. The middle longitudinal mode was not
observed with certainty. However, a weak line
occurs at 440 cm ™!, which is possibly the posi-
tion of the E and A mode. As discussed below
this value was used in the LST equation.

In the ferroelectric phase the low-frequency
clamped dielectric constants €,(0) and €, (0) are
related to the A and E modes, respectively, and
the optical dielectric constant by the LST rela-
tion €(0)/€e()=II;(wyq;/wre;)?- The product for
for €,(0) is taken over the three A modes and
for €,(0) over the four E modes. Estimating
€,=5.5, we calculate that €, (0) varies from 26
at 23°C to 95 at 490°C. [For the same two tem-
peratures €, (0) varies from 100 to 300.] These
values cannot be compared with recent dielectric
measurements'? in PbTiO, where the free dielec-
tric constant was determined.

The results here can be compared with a brief
report of unpolarized Raman work, and polar-
ized infrared work.® The Raman results are, in
general, similar to those reported here, except
for the temperature dependence near T,, since
no sharp dependences were reported.> The only
other discrepancies are (1) the mode reported®
at ~150 cm ™! does not appear to be a first-order
mode as discussed above, and (2) the highest
frequency mode reported® is a quasimode, also
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as discussed above. The polarized infrared
room-temperature results are in general similar
to those reported here. However, the infrared
results above T, are difficult to understand.

The values for the frequencies of PbTiO, are
quite similar to those found for BaTiO,%"* and
related perovskites.® Also we have found no
difference in E-mode frequencies propagating in
the xy plane or in the z direction. In BaTiO,
one mode is reported to show such a difference.*

Lastly, we should compare our observations
with those of Shirane, Axe, Harada, and Remei-
ka.!® They measured by neutron diffraction the
lowest mode above T, and the lowest transverse
E and A, modes at 22°C, and found these modes to
be underdamped. At 22°C they obtain 97 and 148
cm ™! for the E(1TO) and A(1TO) modes at the
zone center, which compares with 89 and 128
cm ™! reported here.
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stimulating conversations with Dr. E. Pytte and
Dr. B. D. Silverman, and to thank Dr. J. D. Axe
for communicating the results in Ref. 16 to us
prior to publication.
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An anisotropy has been observed in the -« directional correlation for an allowed 8*
decay in ¥Na. The effect is much larger than expected from interference from the sec-
ond-order “weak magnetism” alone. The possibility of an enhanced E2 interference is

discussed.

The observation of anisotropies in B-a direc-
tional correlations for allowed transitions is one
method for studying contributions from high-or-
der matrix elements in B decay. The first posi-
tive correlation was reported by Nordberg,
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Morinigo, and Barnes® for the allowed 8 decay of
®Li and ®B. They found that the contribution from
the “weak magnetism” due to the conserved vec-
tor current produced a small but measurable
anisotropy in the B-a correlation. We report



