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The frequency and temperature dependence of the phonon damping function y(w,T) of the soft E-
symmetry phonon in PbTiC; has been determined using Raman scattering. From 40°K to room temperature
the frequency of the lowest E mode, wy(7), is nearly constant and permits the temperature dependence of y
to be measured at constant frequency. Below room temperature, y(w,, T') is- proportional to the absolute
temperature 7' and extrapolates to zero damping at T = 0. The frequency dependence of y(w, T,,) was
determined at room temperature using near-forward Raman scattering from polaritons. New results are
obtained by reanalyzing previously reported data. The damping is found to increase for decreasing polariton
frequencies down to about 53 cm~'. Below the ferroelectric phase transition at 766°K, it is shown that the
apparent divergence of y(wy(7)) as T-— T [ results mainly from this frequency dependence and a nearly
linear dependence on temperature. At fixed frequency, y(w,T) is proportional to the absolute temperature
although smaller nonlinear contributions cannot be ruled out. This linear temperature dependence indicates
that the dominant damping mechanism for the soft E mode is due to cubic anharmonicity in the lattice
potential. These results are interpreted in terms of the model described by Cowley for phase transitions
arising from anharmonic decay. A review of experimental results concerning the temperature dependence of
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the damping of soft modes in related materials is included.

INTRODUCTION

There is considerable interest in the anharmonic
processes involved in the decay or scattering of
soft modes in displacive phase transitions. The
anharmonicity in the crystal potential energy not
only accounts for the finite lifetime of the vibra-
tional modes but is also believed to be the cause
of the softening of the mode, bringing about a
transition to a new phase.’™

The anharmonicity causes a complex shift in the
harmonic vibrational frequency €, and is conven-
iently described by the phonon self-energy
2(d,w,T)=A~4iT'.* The real part A causes the
harmonic vibrational frequency to vary strongly
with temperature and the imaginary part I" deter-
mines the inverse lifetime of the phonon. The re-
normalized soft-mode frequency is given by w?
=QZ+2Q,A. The frequency and temperature de-
pendence of the phonon-damping function y(w, 7),
which is related to the imaginary part of = by I’
= wy/29,, is important in understanding the nature
of phase transitions.

Measurements of the temperature dependence of
the damping or linewidth of soft modes, y(w,(T)),
have performed on SrTiO, and KTaQ,,° above the
transition temperature 7',, and on GeTe,® }
PbTiO,,” SrTiO,,® KMnF,,° AlAsO,,* Gd,(MoO,),, *
and'® BaMnF, below 7,. In all these materials
Y(w,(T)} increases with increasing T', although the
analytic dependences are not clear; in some cases
¥(T) appears to have a divergent behavior as T, is
approached from below. The lowest E mode in
PbTiO, is particularly useful for study; it has a

largé scattering strength which increases as the
transition is approached, and moderate damping,
although still underdamped. Burns and Scott'® ob-
served that y(w,(7)) increased in a divergent man-
ner as T - T;. They related the dependence to an
empirical relation similar to that found for the
dielectric constant along the ferroelectric axis
€,(0), which also diverges. Subsequently, Silver-
man'* suggested a theory to explain the anomalous
divergence of Y(w,(T)). In this theory damping
increases as the soft-mode frequency w,(7T) be-
comes closer to a resonance with an LA-TA scat-
tering process near the zone center.

The problem in studying the temperature depen-
dence of v for a soft mode is that both the tem-
perature and the frequency are changing simultan-
eously. One purpose of this study is to-determine
the nature of the anomalous behavior in y(w,, T') by
obtaining the frequency and temperature depen-
dence separately. The frequency dependence of ¥
at room temperature is determined by measuring
the polariton linewidths at various polariton fre-
quencies w, and relating these to y(w_,Tm). The
pure temperature dependence, at nearly constant
frequency, was obtained by measuring y in a -
backscattering geometry below room temperature
where w,(T') changes little with temperature. The
temperature dependence of w, was also accurately
measured below room temperature. From the
temperature dependence of v the dominant damp-
ing mechanism can be inferred, while the frequen-
cy dependence helps to identify the particular de-
cay or scattering channel involved. Also, by com-
paring the frequency dependence of the damping of
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the lowest E-symmetry mode in PbTiO, with that
of the closely related isomorph BaTiO,, some in-
sight is gained concerning the reason for the very
large damping observed in BaTiO,.}® An accurate
value for the low-frequency dielectric constant
along a direction perpendicular to the ferroelec-
tric ¢ axis, €,(0), is also extracted from the po-
lariton peak position. This value is then com-
pared with that derived from the Lyddane-Sachs-
Teller(LST) relation. Finally, experimental re-
sults concerning temperature-dependent damping
of the soft modes, associated with structural
phase transitions in related materials, is review-
ed. The divergent damping found in other mater-
ials is reexamined in light of the results of the
present experiment.

THEORY

The Raman scattering cross section S(g, w) for
polaritons of wave vector ¢ and frequency w can
be calculated directly from a response-function
method employed by Benson and Mills, '¢ and Bark-
er and Loudon.'” The total cross section for
Stokes scattering is given by.

* 2
S(q,w)OC<a+ 4nNe bE ) n(w)+1

CZq‘Z w2_ (%*&.)wg

(c®q®/w® ~ € )?
X Im<czqz/w'z__ €(w") > . (1)
Here, a and b are the atomic displacement and
electro-optical nonlinear susceptibility coeffic-
ients, respectively; N is the number of oscillators
per unit volume; e* is the transverse dynamic ef-
fective charge of the oscillator; € is the optical
dielectric constant; n(w) is the Bose-Einstein
thermal population factor; and €(w) is the complex
dielectric function. The first factor gives the rel-
ative scattering contributions from the phonon and
photon parts of the polariton and modulates the in-
tegrated intensity, and the last factor is the dis-
sipative part of the appropriate response function
and determines the lineshape. For a damped sin-
gle harmonic oscillator, the complex dielectric
function can be written

(W)= €+ (€, — €,,)w2/[w? — w? — jwy(w)], (2)

where € is the low-frequency dielectric constant,
w, is the long-wavelength transverse optical phon-
on frequency, and y(w) is the damping constant
which in general depends on frequency. Combin-
ing Egs. (1) and (2), the total scattering cross
section becomes
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S(g, w)=S,[n(w)+1] <1+ W%t?;)z
X wy(w) {[“’3 <1 '%) - wz]z
, wzyz(w)} " (3)

where S, is a nearly frequency-independent con-
stant and B=47Ne*b/a is the ratio of the electro-
optical to the atomic displacement contribution to
the Raman tensor. A result similar to this was
obtained by Laughman, Davis, and Nakamura'® in
the ferroelectric case where €,>¢,. The impor-
tant features of Eq. (3) will become apparent if it
is written in a slightly different form as

Sl w)=Sila(w)+ 1] (14 S8 w3)>2

wileo - €.)
Wlwy/wi
= s @
where
w?= Wi [1+ <—Czq€20/;:j €w>]'l (5)
and
Y= (02/wdy(w.). (6)

Here, w_is the lower-polariton-mode frequency
satisfying the dispersion relation in the absence
of damping, '

c’q? /W= W)= €+ (€, — €)W/ (W2 = w?) (1)

and 7 is the polariton damping function, which is
related to the pronorn damping function y(w) by Eq.
(4). This simple connection was also demonstrat-
ed by Loudon'® for the case of small damping y
< w, and large oscillator strength ¢,>¢,. Equa-
tion (7) is valid in the present case at low frequen-
cies where the phonon contribution to €, is domi-
nated by the soft mode.

Next; it is necessary to relate the scattering
angle to the polariton wave vector. Below T
=492 °C, PDbTiO, is tetragonal with C,, symmetry.
The nonzero elements of the Raman tensor for the
E modes are a,, and a,,.*° The polarization (x,z)
was used in order to observe the pure E-symmetry
polariton. This leads to the incident light polar-
ized ordinary (2;=[100]) and the scattered light
polarized extraordinary (2,=[001]). From the
conservation of energy and crystal momentum, one
obtains

: ) .
cg’= [w,.(no —-n,)+ w(ne+ w; a{%@—ﬂ +winn,® . (8)

for the geometry used in the present experiment,
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where w; is the incident laser frequency, n, and

n, are the ordinary and extraordinary indices of
refraction, respectively, and 6 is the scattering
angle as measured from the incident direction in-
side the crystal. The optical constants used in

Eq. (8), 7,=2.670 and n,=2.662, are given by
Singh, Remika, and Polopowicz?' for similar crys-
tals.

EXPERIMENTAL

The sample was a single crystal of PbTiO, ap-
proximately 5 X 1x 1lmm in size.?? In order to
scatter from pure E-symmetry phonons below
room temperature, the scattering geometry y(xz)y
was used. The scattering geometry employed for
observation of pure E-symmetry polaritons was
vy(xz)y+ Az, so the polariton was propagating in
the [001] pseudocubic direction and polarized in
the [100] direction.

The crystal was cut and polished on faces per-
pendicular to the [010] axis to permit forward
scattering. It was found to be single crystal in
nature when observed through crossed polarizers
and by strict compliance with Raman selection
rules. The Raman-scattering experiment was
performed on the sample using a 50-mW He-Ne
laser operating at 6328 A. The laser light was
focused into the sample using a 100-cm focal
length lens. A long focal length lens was used to
minimize the divergence of the incident laser wave
vector inside the scattering volume. For phonon-
polariton scattering the light scattered in the near
forward direction (0.4°< §<5°) was collected by a
20-cm focal length lens. The collection optics had
an adjustable stop aperture to limit the acceptance
angle inside the crystal, A, The acceptance an-
gles were varied from A0=0.1°to A§=0.2°. The
polarization of the collected light was selected by
Polaroid film and then spectrally analyzed by a
Spex Model 1400 double-grating spectrometer.
The analyzed light was then detected by a cooled
ITT model FW-130 photomultiplier with S-20 cath-
ode. The spectrometer was controlled by a PDP-11
minicomputer which makes it possible to measure
weak scattered signals by using very long integra-
tion times. The digitally stored data were then
transferred to a large-memory computer where
extensive analysis could take place.

The linewidth observed in a typical polariton
scattering experiment arises from five principal
contributions: (a) the intrinsic polariton damping,
determined by the finite lifetime in a perfect crys-
tal; (b) intrinsic broadening due to additional al-
lowed scattering processes caused by crystal im-
perfections, impurities, domain walls, etc; (c)
divergence of the incident and scattered beams

cq

c2q2
e

=€ (w)

FIG. 1. Scattering intensity S(g,w) as a function of
wave vector c¢q and frequency w for the soft E-symmetry
polariton in PbTiO3. The dotted line from the origin is
the polariton dispersion curve given by c%%/w?= ¢ (w).
The two dotted lines labeled 04 and 6, are the constant-
angle curves described by Eq. (8) appropriate to a
typical acceptance aperture of a polariton measuring
apparatus. The solid line labeled G (w) is the spectral
shape of polaritons accepted between 6 and 6, and is
derived from Eq. (9).

due to macroscopic crystal imperfections; (d)
broadening due to the finite collection angle of the
scattered light and hence finite range of wave vec-
tors; and (e) broadening due to the finite resolu-
tion of the spectrometer. The quantity desired is
(a), while (b) is usually small for bulk scatter-
ing. The effect of (c) was small since a collima-
ted laser beam could easily pass through the thin
(1-mm) sample without any- visible distortion. The
instrumental broadening due to (d) and (e) are in
principle easy to remove from the experimental
spectra. Illustrating the effect of (d) is Figure 1,
a three-dimensional plot of S(g, w). Only the light
scattered between 6= 60, and 0= 6,, relative to the
forward direction, is allowed to pass through the
acceptance slit into the spectrometer. The broad-
ened spectrum G(w) that enters the spectrometer
is the sum of all the light scattered between the
constant 6 curves for 6, and 6, and is given by

62
Gw)= [ “Sta(6),w) a0, (©)
63

where ¢(0) is given by Eq. (8). In the present case
where the edges of the acceptance slit were not at
constant scattering angles, a slightly more com-
plicated integral was used with functional integra-
tion limits. The effect of (e) is to broaden the
spectra further by the transfer function T(w, w’) of
the spectrometer. The final measured spectrum
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I(w’) is obtained by convoluting the initial spectrum
with the transfer function as

I(w'):wa(w) T(w,w)dw. (10)

The transfer function is found by measuring the
intensity spectrum when the input is a & function
in frequency, in this case the narrow (<1 cm™)
laser line. For equal input and exit spectrometer
slits, the slit profile is an isosceles triangle of
full width at half-maximum (FWHM)W given by
T(w,w'):{(l/W)(l - |w-w'|/W) for Iw_w'.| <W

0 otherwise.

The independent parameters €,,7 and a scaling

factor
B )2
c2q*/w? - €,

were successively adjusted to best fit while the
intrinsic cross section of Eq. (3) was integrated
twice to account for instrumental broadening.
This method is similar to that employed by Ushi-
oda and McMullen®*?* in which a simple Lorent-
zian lineshape was integrated analytically, How-
ever, in the present work, the integrations were
performed numerically on a high-speed computer.

IO=SO<1+

LOW-TEMPERATURE RESULTS

Results of the backscattering experiment below
room temperature are shown in Fig. 2. This fig-
ure shows the temperature dependence of the soft
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FIG. 2. Phonon frequency w, vs absolute temperature
T for the soft E~-symmetry mode in PbTiO; is repre-
sented by squares. Phonon damping function vy (w,(T))
vs absolute temperature T is represented by crosses.
These results were obtained after removing the spectro-
meter resolution according to Eq. (10). The back-
scattering geometry y (xz)y was used. The solid curve
is a straight line drawn through the origin and through
the data points in order to aid the eye.

E-mode frequency w,(7) from 40 °K to room tem-
perature. The variation in w, is small and changes
by only 5% over a 250 °K range. TFigure 2 also
shows the damping y(w,,T') as a function of tem-
perature. The damping decreases in a linear fa-
shion with temperature and extrapolates to zero at
absolute zero temperature. Thus, at nearly con-
stant frequency the damping is proportional to the
absolute temperature, at least from 40 °K to room
temperature.

The values of ¥ represented here were obtained
after removing the spectrometer resolution ac-
cording to Eq. (10). Spectrometer slit settings
were chosen to give values for W of 0.75 cm™ and
1.5 cm™. The reliability of the deconvoluting pro-
cedure was tested by comparing the resuits of v
from different slit settings. At lower tempera-
tures, where the value of ¥ was comparable to W,
both of the slit settings were used and gave nearly
identical values for y. During the entire course of
the run, care was taken to insure that the same
region of the sample was examined, since the
damping was found to fluctuate by about 20% over
the volume of the sample. This variation is prob-
ably attributable to the intrinsic broadening ef-
fects of (b). The data displayed in Fig. 2 are
chosen from the run that had the lowest y at lower
temperatures.

POLARITON RESULTS AT ROOM TEMPERATURE

At constant temperature, the frequency depen-
dence of y is found through measurement of the
polariton damping at different scattering angles in
the near-forward direction.*® The phonon damping
¥(w,T,,) is determined and is then associated with
the corresponding polariton frequency (w=w_).

Figure 3 shows a spectrometer trace for a po-
lariton at cg=650 cm™ and w_=56 cm™. An esti-
mate of the phonon damping can be found by re-
moving the instrumental resolution from the
FWHM. Deconvoluting the spectrometer resolu-
tion (W= 2.8 cm™) from the FWHM of the polariton
line shape, Aw=T7.6 cm™, results in a linewidth of
Aw=6.5 cm™, The acceptance angle of scattered |
light A6:=0.002, reduces the FWHM to 3.4 cm™,
Finally, the phonon damping derived from Eq. (6)
is y=8.6 cm™. This value of the phonon damping
is associated with a frequency of 56 cm™!

The results of the soft-phonon damping function
as a function of frequency at room temperature
are plotted in Fig. 4. y(w) increases with decreas-
ing w. Also plotted in Fig. 4 are the results of
Burns and Scott,” y(w,(7T)), which contains both
temperature dependence and frequency dependence

through the variation of the soft-mode frequency

wo(T) with temperature. The decrease in wy(T)
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corresponds to higher temperatures close to 7',.
The values for y(w, T,,) were determined for
various scattering angles using frequency-inde-
pendent damping. These values were then fitted

to the function

Y(w)=AT'/[(40 - w)?+ T2]+ 4, (11)

where A is the magnitude of a resonant contribu-
tion centered at 40 cm™ with width I'. This func-
tion is shown in Fig. 4, where A=150 and I'=15
cm™. Since each polariton peak extends over a
small frequency range, almost identical results
were found for y(w) when the experimental line-
shapes were fitted with either constant damping
or frequency dependent damping.

For cubic anharmonicity, the imaginary part of
the self energy is’ proportional to

n(w)+n(w,)+1 for w,=w +w,
or
n(w,) —n(w,) for w,=w,-w,,

corresponding to decay and scattering of the soft
mode, respectively, and is responsible for the

+ major part of the temperature dependence. Since
kT, =208 cm™, the high-temperature approxima-
tion for the Bose-Einstein factor is valid and n(w)
= pT/fiw. Then it is expected that y{w,T) is pro-
portional to 7 at fixed w, if the dominant damping
mechanism of the soft mode is due to third-order
anharmonicity in the crystal potential energy.
(Higher-order effects will produce a T% or higher
power dependence.) The results of the damping
at low temperatures indicate that the dominant

INTENSITY
(arbitrary units)

50 60 70

FREQUENCY (cm! )

FIG. 3. Scattering intensity vs frequency for the
soft E~symmetry polariton in PbTiOz at cg =650 cm™ L,
The ‘crosses represent the unsmoothed experimental
data and the solid curve is the best fit to Eq. (3) with
convolutions of Eqs. (9) and (10).
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FIG. 4. Frequency vs phonon damping for the soft
E-symmetry mode in PbTiO,. The crosses represent
the polariton data measured at room temperature in the
present experiment. The solid curve is Eq. (11) fitted

" to the data. The open squares represent y(wq(7))

taken between room temperature and T, =493°C. The
solid squares are the temperature-dependent data re-
duced by Eq. (12). Typical error bars are indicated

-and are derived from the uncertainty in the curve fitting.

mechanism responsible is indeed due to a three-
phonon decay or scattering process. If the damp-
ing at constant frequency is linear with tempera-
tures and if no temperature-dependent anomaly
exists, then the relation

(W, T o) = (T o/ Ty (W, (T)) (12)

should hold for w= uvo(T), and the left-hand side is
the value measured in the present work at 7' ,.
¥(w,(T)) on the right-hand side is the value mea-
sured by Burns and Scott at 7. Figure 4 shows
the comparison of the left- and right-hand side of
Eq. (12). It is seen that Eq. (12) holds without
any adjustable parameters for all @ and T mea-
sured. Note that because of the large uncertainty
in linewidth measurements, a smaller nonlinear
dependence (7%) may exist,

The polariton fitting procedure also gave a value
for €,(0) and the integrated intensity. The value
of the low-frequency dielectric constant along a
direction perpendicular to the ferroelectric ¢ axis
was found to depend slightly on the polariton fre-
quency. This dependence is attributed to the error
introduced by selecting a single oscillator model
for the dielectric function instead of the more com-
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plicated triple oscillator model. Because of the
large strength of the lowest mode and the low fre-
quency region under consideration, the dielectric
properties given by a single oscillator model
closely approximates the more general three-os-
cillator model. A value of €,(0)=85+5 was found
by extrapolating the polariton dispersion curve to
zero frequency. This value varied from sample to
sample and was the highest obtained. Thisis some-
what lower than the value of 107 derived from the LST
relation.” The integrated intensity varied by less
than 30% between w_=55 cm™ and w,=89 cm™.
Since the integrated intensity should be proporti-
onal to

(o)
+02q2/w2—€m ,

this implies that 1+ Bw?/c2g?=~constant or that
|B| <c??/w?. Thus,

|B| = |41Ne *b/a| <€,(0),

or the ratio of the atomic displacement contribu-
tion to the Raman tensor, relative to the electro-
optical contribution, is less than 107

DISCUSSION OF RESULTS

The results obtained here support the following
description for divergent damping of soft modes.
The most important thing is that the transition
occurs as a consequence of the anharmonicity. As
the temperature is raised, all anharmonic proces-
ses become stronger, allowing not only the phonon
damping to increase but also a shift to lower pho-

non frequency. Since anharmonic decay processes’

rely on conserving energy between the phonons in-
volved, a stronger energy overlap or more nearly
resonant condition exists as the phonon frequen-
cy approaches such a resonance. The linearlike
temperature dependence of the damping implies
that the soft mode decays by interaction with two
large wave vector phonons.

Several important conclusions can be drawn
concerning the nature of the soft-mode damping
function and consequently the imaginary part of
the self-energy. At constant frequency, the damp-
ing is proportional to the absolute temperature,
from 40 to 300 °K, and approximately linear from
300 to 766 °K, although more uncertain. This
asymptotic linear T dependence is also seen in*
GaP. and?” Cul below room temperature.

The results of a microscopic theory of anhar-
monicity® show that this simple temperature de-
pendence implies that the major contribution to
the damping arises from cubic anharmonicity in
the lattice potential energy. In other words, the
finite lifetime of the soft mode is due to a scat-

tering or decay mechanism involving two other
phonons. Also, the apparent divergence of y for
T approaching T, from below in PbTiO, is caused
by two important factors: (i) at fixed frequency,
v increases linearly with the absolute tempera-
ture, and (ii) w, decreases as T is increased to-
ward T, and moves into a frequency region where
T'(w) is large. (It must be noted that because of
the uncertainty associated with measurements of
damping, nonlinear T dependence cannot be ruled
out completely.)

The next question to be considered is why y(w)
increases as the frequency decreases. The first
and most probable cause is a nearly resonant con-
dition of w, with a linear combination of other pho-
nons. Cowley! has calculated the frequency depen-
dence of I'(w, T') at several temperatures for sim-
ple crystals, revealing that for cubic anharmonic
effects I'(w) has a form similar to the two-phonon
density of states p,(w) at the Brillouin-zone cen-
ter (g=0). That is, there are peaks in I' associat-
ed with combinations of high one-phonon density
of states which are mostly at zone boundaries.

By inspecting the inelastic neutron scattering
data,® one sees that a peak in p,(w) may be ex-
pected at 33+5 cm™. This peak derives from two
zone -boundary phonons, TA and LA, with frequen-
cies of 75 and 108 cm™!, respectively. The damp-
ing process that corresponds to this peak in T' is
the scattering of the soft phonon by a TA (X) pho-
non (75 cm™) into an LA (X) (108 cm™). Infrared
absorption indicates that there is a peak in the
absorption spectrum at about 40 cm™' at room tem-
perature which may arise from a peak in p,(w).?

Tani* has proposed another explanation for in-
creased damping as w, softens. He attributes this
to “critical slowing-down” of fluctuations in the
order parameter. Increased damping is attribu-
ted to an increase in the amplitude of vibration
as the soft mode frequency decreases. As the
transition is approached, the vibrational ampli-
tude of the ions associated with the soft mode in-
creases, and the ions travel farther from their
equilibrium positions where the anharmonicity in
the crystal potential energy is larger. This can
result in domination by higher-order anharmonic
terms in the crystal potential, allowing four pho-
non and higher decay interactions. In transitions
that are strongly first order, the effect of critical
slowing-down may be small since w, is not allowed
to soften to near zero as in a second order trans-
ition. Another result of these effects is that the
damping would not only diverge below T, but might
also diverge above T, while “decreasing” the tem-
perature toward T,. Fleury and Worlock® have
measured ¥ as a function of T for the ferroelectric
modes in KaTaO, and SrTiO, above their incipient
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transitions (7,<0 °K). These materials did not
show any increased damping or other anomalous
behavior near T,. KaTaO, shows a linear T de-
pendence in ¥(T'), while SrTiO, shows an unusual
T3/2 dependence.

A third explanation for divergent damping is
given by Lockwood and Torrie.® It appears that
the large increase in the soft-mode linewidth in
KMnF, as T - T results not directly from y(T)
but arises from additional quasielastic scattering
at very low frequencies. They found that the soft-
mode damping parameter is essentially propor-
tional to 7' but very near the transition (7, - 7T<
10 °K) additional scattering is allowed by “phonon
density fluctuations.,” The result is that not only
the normal collective-type mode is present but
additonal scattering occurs centered about zero
frequency with a Debye relaxation-type spectrum.
If the soft phonon mode is overdamped, these two
structures will in general not be resolvable and
would appear as one mode with anomalous y(7) and
w,(T). This may not apply since the soft £ mode in
PbTiO, is underdamped at all temperatures.

High-pressure Raman scattering studies on
PbTiO, at room temperature by Cerdeira e/ al.*!
show that the damping does not diverge for w, as
low as 45 cm™. These results do not contradict
the proposed. phonon decay picture. High pressure
not only alters the zone center phonon frequencies,
but also the zone boundary frequencies, thereby
shifting the frequency of most decay channels. The
- difference between the zone boundary phonon fre-
quencies providing the decay channel might also
change. When off resonance, the residual damp-
ing will be provided by a third-order nonresonant
background. The application of hydrostatic pres-
sure may in some cases cause a phonon to become
resonant with a decay channel not ordinarily al-
lowed at atmospheric pressure. Such a resonant
condition would bring about a phase transition in
much the same manner as changing the tempera-
ture. Many materials undergo such phase transi-
tions at high pressure.

There is an apparent contradiction between
structure in y(w) at room temperature and line-
shape fits at higher temperatures.®® At tempera-
tures close to T, the phonon line shapes are well
fit by assuming a constant frequency-independent
damping. These results’ were also confirmed by
high-temperature studies on our own samples.
Thus we can rule out any sample dependence. Our
room-temperature results for y(w) are consistent
with room-temperature phonon line shapes because
the damping is nearly constant over the frequency
range of the phonon profile, Aw~20 cm™. Because
of the uncertainties involved (£30%), the relation
¥(w, T)=Ty(w) is expected to hold only approxima-

tely, especially near T,. In general, we do not
expect y(w) to have the same frequency dependence
at all temperatures; at higher temperatures this
structure in ¥ may spread out. If this structure
arises from the lifetime along with the dispersion
of the phonons contributing to the decay channel,
any peak in y(w) will broaden with temperature.

DIVERGENT DAMPING IN RELATED TRANSITIONS

The damping of the lowest A, mode in Gd,(M0O,),,
was seen to diverge as T'—~T,, while w, de-
creased only slightly.!! Recently, the same di-
vergent behavior was also seen by applying uni-
axial stress. The damping decreased strongly
with increasing stress while w, increased slight-
1y.** In both cases, the damping increased rapidly
while w, decreased only a small amount. Thus,
it seems that the application of stress affects the
lattice vibrations in much the same manner as
changing the température. These properties fit
the model of phonon resonance decay reasonably
well. In this case, the soft-mode frequency moves
away from a decay resonance as the pressure in-
creases. Another description is that T, effectively
increases with pressure, implying that more an-
harmonicity due to thermal vibrations is needed to
drive the soft-mode frequency down to the decay
resonance, This agrees with the results that T,
increases strongly with increasing hydrostatic
pressure.*® Therefore, the divergent behavior of
Y may be explained by (i) intrinsic frequency-de-
pendent damping, where w, is changed either by
changing the temperature or by applying stress,
or (ii) an effect proportional to 7, - T rather than
dependent on the absolute temperature alone.

The apparent divergence in y(T) evident in °GeTe
and® Gd,(MoOQ,), may be complicated by the pres-
ence of other features close to the soft mode. The
soft E mode in GeTe appears to be a single under-
damped mode whichi shows normal linear depen-
dence of ¥(T). The A -mode spectrum of GeTe
shows a small peak at slightly lower frequency in
addition to the soft mode. The linewidth shows
normal linear T dependence below room tempera-
ture where the low-frequency modes are clearly
resolvable. Above room temperature, the two
modes overlap and the linewidth of this feature
then diverges. So it is not completely clear
whether y(7') of the soft A, -mode in GeTe actually
diverges or shows normal linear behavior. In any
case, linear temperature dependence is clearly
observable over certain regions. These extra
features that lie just below the soft mode may not
be vibrational modes at all, but features caused by
interactions of the soft mode with decay reso-
nances.*®
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In the case of the closely related perovskite
BaTiO,, the damping I' of the soft E mode de-
creases with frequency below w,=33 cm™.*" In-
elastic neutron scattering data® show that it is
underdamped for w,(gq)>33 cm™, corresponding
to finite ¢ values. Thus, it appears that both in
BaTiO, and in PbTiO, there is a peak in the I'(w)
near 30 cm™. The soft-mode frequency in PbTiO,
lies far from a peak in I' while the corresponding
lowest E-mode frequency in BaTiO, happens to lie
near a corresponding peak in I'(w). This may be
the reason why the soft mode is overdamped in
BaTiO, and underdamped in PbTiO,. Lefkowitz®®
has attributed the large damping of the lowest E
mode in BaTiO, to a scattering mechanism in-
volving two acoustic modes seen with inelastic
neutron scattering.

More information on the dissipative contribution
to the phonon self-energy I'(w, T) will eventually
lead to a better understanding of the dispersive
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contribution A(w,7T') and hence on the softening of
vibrational modes associated with phase transi-
tions. (The real and imaginary parts of the self-
energy are related by a Kramers-Kronig trans-
form.) In materials exhibiting strongly first-or-
der phase transitions, w,(7) is accurately known
below 7', but usually does not show a Curie-like
behavior. A knowledge of A{w,T) and the order
parameter may not only explain this deviation but
also single out the mechanisms inducing the change
to a new phase.
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