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Light-scattering study of the liquid-glass transition in propylene carbonate
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Depolarized light-scattering spectra of propylene carbonate were obtained in the frequency range 0.2
GHz —4 THz at temperatures from 350 to 135 K. Analysis of the resulting susceptibility spectra re-
vealed reasonable agreement with the predictions of the idealized mode coupling theory, yielding critical
exponents a =0.29, b =0.50, and an exponent parameter A. =O.78+0.05. A scaling analysis demonstrat-
ed critical slowing down of the scaling frequencies from both above and below Tc, with the scaling fre-

quency extrapolating to zero at Tc =187+5 K. The a-relaxation peak was fit to a Kohlrausch function,
which gave P=0.77+0.0S for 210 T ~ 3SO K with no sign of systematic temperature dependence. An
extended mode coupling theory analysis was also carried out which corroborated the results obtained
with the idealized version. Polarized Brillouin spectra were also obtained, and were analyzed with a gen-
eralized hydrodynamics approach using low-frequency sound velocity values determined separately in an
ultrasonics experiment. The results indicate that the Cole-Davidson function is not an adequate model
for the structural relaxation due to the neglect of II-relaxation processes, so that this analysis cannot pro-
vide a meaningful estimate of 1&. Furthermore, the a-relaxation time associated with Brillouin scatter-
ing was found to be about five times shorter than that probed by depolarized light scattering.

PACS number{s): 64.70.Pf, 78.35.+c, 83.50.Fc, 61.20.Lc

I. INTRODUCTION

The dynamics of supercooled liquids approaching the
liquid-glass transition has been the subject of intense
study in recent years. The development of the mode cou-
pling theory (MCT} [1,2] led to detailed predictions for
the functional form and scaling properties of the correla-
tion functions of density fluctuations p (t) and their asso-
ciated susceptibility spectra g"(co), many of which have
been verified by experiments. Although many of the cru-
cial experiments have utilized neutron scattering tech-
niques, it has also been found recently that depolarized
large-angle light-scattering spectroscopy provides a
powerful approach to the study of supercooled liquids,
and can reveal the full form of the susceptibility spectra
described by MCT.

Two recent papers have demonstrated this technique,
for CaKNO3 (CKN) [3] and salol [4]. In these experi-

ments, depolarized light-scattering spectra obtained with
several settings of a tandem Fabry-Perot interferometer
were combined with data obtained with a grating spec-
trometer to achieve composite spectra spanning more
than four decades in frequency. These composite suscep-
tibility spectra exhibited the functional form and scaling
properties predicted for the intermediate P-relaxation re-

gion by MCT for both materials, with critical slowing
down of the scaling frequency as Tc is approached from
either above or below. Recently, these data have been
reanalyzed using the extended version of MCT which in-

eludes activated transport terms that restore ergodicity
below Tc, yielding improved fits of the data at low fre-
quencies at temperatures near to and below Tc [S],where
fits with the idealized MCT produced systematic
discrepancies. A related study of orthoterphenyl (OTP)
has recently been reported by Steffen et al. [6] who ex-
tended the spectral window to much lower frequencies.

The liquid-glass transition in propylene carbonate (PC)
has been studied by incoherent neutron scattering by
Borjesson and co-workers [7,8]. Power-law fits of the a-
relaxation time determined a crossover temperature
TC=188 K, while the temperature dependence of the
nonergodicity parameter f (T} gave TC=210 K. Bril-
louin scattering in PC has been studied in a series of ex-
periments by Torell and co-workers [8—10] who found a
cusp in the nonergodicity paratneter f o(T) at 270 K
[10], well above the melting temperature T, raising the
possibility that MCT may not provide a consistent
description of supercooled liquid dynamics.

Masood et al. [11] studied the sound velocity, shear
viscosity, and specific heat of PC and three related com-
pounds. Several dielectric studies of PC have been re-
ported, with the results mostly analyzed using the Cole-
Davidson or Cole-Cole distributions [12—1S,11,16—18].
The temperature-dependent viscosity of PC [19] is ex-
tremely non-Arrhenius-like, falling close to the fragile
limit in Angell's classification [20] so that PC should be
an appropriate material for testing the predictions af
MCT.
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In the present paper, we report a depolarized light-
scattering study of PC which we have analyzed using
both the idealized MCT (a preliminary report of this
work was presented in Ref. [21]) and the extended MCT.
We have also performed polarized Brillouin scattering ex-
periments and an ultrasonic study of PC to further ex-
plore the aspects of the dynamics studied by Elmroth,
Borjesson, and Torell [10]. In Sec. II we describe the
depolarized light-scattering experiments, followed in Sec.
III by a brief summary of the relevant predictions of the
idealized MCT. In Sec. IV we present the idealized MCT
analysis of the data for the P-relaxation and a-relaxation
regimes, followed in Sec. V by the extended MCT
analysis. The polarized Brillouin scattering and ultrason-
ics experiments are described and analyzed separately in
Sec. VI. Our summary and conclusions are given in Sec.
VII.

II. EXPERIMENT

Propylene carbonate (4-methyl-1, 3-diaxolan-2-one,

C4H603, or PC; Tg =160 K, T~ =218 K) is a high per-
mittivity (eo) 60) polar cyclic carbonate which super-
cools easily [13]. PC of 99+% purity with water content
less than 0.005% was purchased from Aldrich Chemical.
PC is hygroscopic, and absorbed water will freeze below
O'C producing small ice particles which strongly scatter
light. The material was therefore handled in a dry nitro-
gen environment. It was first dried with a type 4 A
molecular sieve for 24 h. Subsequently, the dried materi-
al was transferred through a 0.1 pm MSI (Micron Separa-
tions Inc. ) microfilter into a cylindrical glass sample cell
1.6 cm in diameter by 1.5 cm high and flame sealed under
vacuum.

The filled glass sample cell was placed in a copper sam-
ple holder with optical windows and attached to the cold
finger of an Oxford ND1754 cryostat. The temperature
was regulated by an Oxford ITC4 temperature controller
with an accuracy of +0. 1 K. An additional thermistor
located at the bottom of the sample holder close to the
sample cell was used to monitor the approach of the sam-
ple temperature to equilibrium. Spectra were recorded
from 350 down to 135 K in 10 K steps. To avoid crystal-
lization for temperatures between T and Tg, after each
spectrum was collected the sample was reheated above
T and then cooled to the next desired temperature.
Data were collected fifteen minutes after the sample
reached thermal equilibrium.

Depolarized interferometric and Raman spectra were
collected in the VH geometry at a scattering angle of
0=172'. The VH geometry and large scattering angle
e6'ectively eliminate the longitudinal and transverse
acoustic modes respectively, allowing the weaker scatter-
ing due to orientationa1 dynamics and second-order
dipole-induced-dipole (DID) scattering to be observed
[3]. The large scattering angle also increases the effective
scattering volume, leading to enhancement of the signal-
to-noise ratio. Interferometric spectra were obtained
with a six-pass Sandercock tandem Fabry-Perot inter-
ferometer with finesse -50, at four difFerent free spectral
ranges. (The mirror separations used were 0.4, 2, 7.5, and
26 mm. ) Raman spectra were collected with a Spex 1401

y"(co)=I(co)/[n (a), T)+1], (2.1)
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FIG. 1. Composite I» spectra of PC at 0=172 . The peaks
around 12 GHz are due to leakage of the intense LA Brillouin
mode through the imperfect polarizer. The temperatures are
(from top to bottom) 350, 330, 310, 295, 280, 270, 260, 250, 240,
230, 220, 210, 200, 190, 180, 170, 160, 150, and 135 K.

tandem grating spectrometer equipped with holographic
gratings. The exciting light for both experiments was the
488 nm line of an argon laser (Coherent Innova 90 or
Cohernet model 52).

The four sets of interferometric spectra and the Raman
spectra were combined to provide wide-frequency-range
composite spectra, following essentially the same pro-
cedures described in Refs. [3] and [4]. Raw data were
smoothed in the MCS data acquisition board before being
transferred to the Vax 11/780 computer for analysis. For
the interferometric data, the Stokes and anti-Stokes sides
of the spectra were averaged, while for the Raman data,
only Stokes spectra were recorded. A logarithmic inter-
val averaging was performed for individual spectra, and
the spectra for differerit spectral ranges were then joined
by matching the overlapping regions. In this process, the
Raman spectra and some of the interferometric spectra
were carefully controlled to avoid drifts in instrumental
response, and these spectra were used to normalize the
intensity.

Figure 1 shows the complete set of composite spectra
which span the frequency range of 0.2 6Hz to 4 THz.
The narrow peaks near 12 6Hz are the intense LA Bril-
louin modes, which leak slightly through the imperfect
polarizer. These spectra are similar to those found for
CKN [3] and salol [4]; similar spectra have also been ob-
served in neutron scattering studies of several glass-
forming materials. The spectra of Fig. 1 were converted
to susceptibility spectra y"(co) through the relation
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where n(co, T) is the Bose factor. These g"(co) spectra,
shown in Fig. 2, exhibit the evolution of structural relax-
ation with decreasing temperature identified in other ex-
perimental studies and also predicted by MCT. At low
frequencies, there is an a-relaxation peak associated with
the primary structural relaxation process, which moves
towards lower frequencies with decreasing temperatures
and disappears from our spectral window at -220 K.
The weaker peak at —1.6 THz is the microscopic band
(sometimes called the boson peak). At high tempera-
tures, only the microscopic band and the a peak are visi-
ble. With decreasing temperature, as the a peak moves
towards lower frequencies, the P-relaxation process grad-
ually develops in the intermediate-frequency region be-
tween the a peak and the microscopic band. At tempera-
tures below -200 K, the a peak and the minimum of the
P relaxation have moved out of our spectral window.

Another set of VH spectra was collected with 9=90'.
These spectra were very similar to the 172' spectra, ex-
cept that they were weaker, and the transverse Brillouin
components appeared for temperatures below —190 K.
The close agreement between the two sets of spectra
demonstrates that the relaxation process responsible for
the observed light scattering is q independent in this
small-wave-vector limit.

III. IDEALIZED MODE COUPLING THEORY

Since extensive reviews of MCT have recently ap-
peared [2,1] and the MCT analysis of depolarized light-
scattering spectra has been discussed previously [3,4], we
restrict the following discussion to a presentation of those
results of the idealized MCT which will be used in the
data analysis in Sec. IV. A discussion of the extended
MCT will be deferred until Sec. V where it will be com-
bined with the extended MCT data analysis.

The mode coupling theory of the liquid-glass transi-
tion, proposed in 1984 [22,23], attributes the ergodic-to-
nonergodic transition to retarded nonlinear interactions
among the density fluctuation modes p (t) As. the
strength of these interactions increases with decreasing
temperature, the normalized correlation functions
P (t)=(p'(t)p (0))/(~p (t)~ ) decay towards zero more
and more slowly, eventually reaching the glass transition
singularity (GTS) at T=TC where the tabac limit of
P~(t) increases abruptly from 0 to f'. Below Tc, it con-
tinues to increase as (Tc —T)'~z.

This t~~ limit, called the nonergodicity parameter
or Debye-Wailer factor f ( T), determines the elastic
fraction of neutron scattering. Since elastic scattering is
measured within some small but nonzero energy window,
the effective nonergodicity parameter is [2]

10:
I I I I I Ill( I I I I I I lli I I I t I I h v'o+O(o), T&TC,

O(o), T& Tc, (3.1)

10:

where cr ~ ( Tc —T) /Tc is the separation parameter
which measures the distance from T~. The square-root
cusp anomaly implied by Eq. (3.1) has been exploited to
determine Tc in several neutron scattering experiments
[21.

The susceptibility spectrum y"(co), which will be of
primary concern here, is determined by P (t) through the
relation

y"(ro ) =a) Re[ P[gq(t)]] , (3.2)
10:
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FIG. 2. Susceptibility spectra y"(co) obtained from the data
of Fig. 1. The temperatures are the same as in Fig. 1. The
broad peaks at low frequencies are the a-relaxation peaks. The
high-frequency peak at —1.6 THz is the microscopic excitation
band. The P-relaxation region is located between the a peak
and the microscopic band. The lines at 33 and 830 GHz indicate
the spectral range selected for the scaling analysis for T & Tc as
described in the text.

y"(~)=y";„[b(ro/co;„)'+(cg;„/ro) ]/(a +b) . (3.3)

The two critical exponents a and b in Eq. (3.3)
(() &a &0.4,0&b & l, a &b), are both determined by the

where V implies Fourier transformation. For T & Tc,
y"(ro) is predicted to display three regions: a high-
frequency peak corresponding to microscopic phononlike
excitations, a low-frequency primary a-relaxation peak
which moves towards lower frequencies with decreasing
temperature, and between these two an intermediate P-
relaxation region surrounding a minimum. For T & T&,
the a peak disappears, and the P-relaxation region
changes from concave upwards to concave downwards (a
"knee"). This P-relaxation region, which will be our pri-
mary concern, has been shown to possess several crucia1
properties independent of the details of the microscopic
nonlinear interactions.

For T & Tc, in the region of the minimum, y"(co) can
be represented approximately by the interpolation equa-
tion
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exponent parameter A, through

A, =I (1—a)/I (1—2a)=I (1+b)/I (1+2b) . (3.4)

MCT is no longer a valid approximation to the complete
MCT, as we will discuss below.

Although the exponent parameter A, can be computed
from the structure factors S(q), in practice these are not
adequately known for most real materials and A, is treated
as the one adjustable material-dependent parameter of
the idealized MCT.

In the P-relaxation region g"(co}is predicted to factor-
ize, and also to obey a scaling relation, so that

y"(co)=IIq ~cr ~'~ jg(co/co ), (3.5)

where the separation parameter o ~(Tc —T) and the
scaling frequency co ~ ~cr ~'~2'.

The two susceptibility master functions P+ for the
glass ( T & Tc ) and y" for the liquid ( T & Tc ) can be cal-
culated numerically once A, is specified [24]. Equation
(3.5} then predicts that for either T & Tc or T & Tc, all
susceptibility spectra should scale onto a single master
curve, with the scaling frequency co ~0 as T~ Tc from
either above or below.

The results of fits of spectra in the region of the
minimum (co;„)for T & Tc or in the region of the knee
(co, ) for T & Tc yield the various scaling quantities with
predicted dependence on cr given by

(3.6)

In the region of the a-relaxation peak, for T& Tc,
MCT predicts another scaling relation

gs(co)=+~(co/co ), (3.7)

where co, is the position of the a-relaxation peak. How-
ever, there is no factorization in this region. co and the
form off can depend on both q and the probe, and de-
pend sensitively on the full structure of the memory func-
tion.

It was shown by Gotze and Sjogren [25] that the
stretched-exponential (Kohlrausch) function

P (t) ~ 2 exp[ (t /r, )i']— (3.8)

is a good approximate solution to the MCT equations in
the a-relaxation region. If the stretching constant P
(which may depend on q) is temperature independent,
then Eq. (3.8) automatically satisfies the scaling predic-
tion Eq. (3.7), with frequency at each temperature scaled
by co =1/r, [2]. (This result is also called the time-
temperature superposition principle}.

Finally, the a-relaxation frequency co is predicted to
approach 0 as T~T& as

Q7 oc Q (3.9)

with y =(1/2a)+(1/2b).
Note that the equations in this section are asymptotic

results derived within the idealized MCT for small fre-
quencies co and small separation parameter o. Their va-
lidity breaks down with increasing ~cr~; it also breaks
down for very small ~o ~

and small co where the idealized

IV. DATA ANALYSIS WITH IDEALIZED MCT

A. P relaxation

It is useful to begin the data analysis on the basis of the
above results of the idealized MCT, even though they are
only an approximation to the complete theory. First, the
equations are simple and easy to manipulate. Second,
they provide estimates for Tc and A, which are needed as
a starting point for the extended MCT analysis. Of
course in this analysis the data for small ~cr

~
and co, which

are sensitive to hopping effects, may deviate from the pre-
dictions of Sec. III where hopping is neglected.

The susceptibility spectra of Fig. 2 exhibit a suscepti-
bility minimum for temperatures between 190 and 270 K,
as expected for the P-relaxation process when T& Tc.
We first fit the nine spectra in this temperature range us-
ing the interpolation equation (3.3). For each spectrum
co;„(T}and g" „(T) were va. ried independently, but a sin-
gle optimum value for the critical exponent a was found
by fitting all nine spectra simultaneously, with the ex-
ponent b constrained via Eq. (3.4). The best fit for a was
a =0.29, from which b =0.50 and A, =0.78 [24]. These
nine spectra, together with the interpolation fits, are
shown in Fig. 3. The values of co;„(T)and y";„(T)found
from the fits are listed in Table I. In Fig. 3, the frequency
range over which the theory and experiment agree ex-
pands with decreasing T. The expansion verifies an im-
portant result of MCT concerning the approach towards
the glass transition singularity. For 190 K the theory de-
scribes the data over a three-decade frequency interval.
For frequencies below -0.5 GHz at low temperatures,
one notices that the data tend to lie above the idealized
MCT curves. This is what one expects near Tz as a re-
sult of the neglect of hopping processes [26,5]. In Sec. V
we will show that when hopping effects are included the
discrepancy can be eliminated.

We next constructed the susceptibility master func-
tions yz(co/co ) of Eq. (3.5) for A, =O. 78 using the numer-
ical tables of Gotze [24]. The nine spectra for
190&T & 270 K were scaled onto the y" (co/co ) function
as shown in Fig. 4(a); the values of co and y" found from
the scaling fits are listed in Table I. To test the accuracy
of the exponent parameter A, =0.78, two other master
functions for A, =0.70 and A, =0.84 were constructed and
are also plotted in Fig. 4(a). The large disagreement seen
for these two master functions indicates that the pre-
cision for A, is A, =O. 78+0.05, and this implies that the ex-
ponents a =0.29+0.03,b =0.50+0.09.

The scaling analysis for T & Tz is much less clear than
for T) T& since there is no susceptibility minimnm visi-
ble within the frequency range of our spectra. Further-
more, hopping effects imply much larger corrections to
the idealized MCT results of Eq. (3.5) for T & Tc than for
T & Tc [26,5]. To apply the idealized results for T & Tc,
we proceeded as follows. We selected a center frequency
of 166 GHz which is one-tenth of the microscopic peak
frequency, and performed the scaling analysis on the data
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TABLE I. Fit parameters for the p and a relaxation in PC.

P relaxation a relaxation

T (K)

350
330
310
295
280
270
260
250
240
230
220
210
200
190
180
170
160
150
135

(GHz)2'

728
596
511
381
260
122
68.4
29.3

5.60

lt
dmin

1.92
1.83
1.69
1.63
1.49
1.34
1.12
0.816
0.455

(GHz)2'

311
244
227
162
114
51.9
30.9
12.4
2.19

12.4
39.4

105
151
208

II
Xa

1.57
1.51
1.38
1.33
1.22
1.10
0.927
0.678
0.380
0.645
0.844
1.04
1.14
1.30

(GHz)
2m

27.5
20.7
14.8
10.3
7.19
5.39
3.83
2.68
1.56
0.882
0.319

(ns)

4.85 X 10
6.45X10 '
9.31 X 10
1.35X10 '
2.00X10 '
2.63 X 10
3.69 X 10
5.36 X 10-'
8.86 X 10-'
1.65 X 10-'
4.37 X 10-'

1.33

0.737
0.734
0.753
0.788
0.823
0.825
0.804
0.827
0.789
0.803
0.780
0.760

in the range from —,
' to 5 times this frequency (33—830

GHz} indicated by the two lines in Fig. 2. For PC, as for
salol [4], the crossover from y"(co) ~ m to y"(co }~ co' pre-
dicted by the idealized MCT is completely obscured by
hopping effects at low frequencies and by the microscopic
structure at high frequencies. It was therefore not possi-
ble to carry out a scaling analysis with the y"(co) data
alone as we had done for CKN [3]. Since the PC suscep-
tibility spectra in this region are nearly linear on the log-
log plot of Fig. 2, we computed the average slope
d log, o(y")/d log, o(co) in this range, and shifted the
center of the data (at 166 GHz) to the point on the y'+(co)
master curve having the same slope. This procedure pro-
duced the co and y" scaling values for T(Tc listed in

Table I. The scaling results are shown in Fig. 4(b).
Severe discrepancies are evident at low frequencies, as ex-
pected for the idealized MCT.

In Fig. 5 we show the frequency of the susceptibility
minimum co;„ for T & Tc obtained from the interpola-
tion fits, and the scaling frequency co for both T& T&
and T & T& obtained from the scaling fits, each plotted as
co

' vs T to test the MCT prediction of Eq. (3.6). Similar-
ly, in Fig. 6, we plot y";„and y" vs T. Good linear fits
are obtained in both figures, a11 extrapolating to a com-
mon zero at Tc = 187+5 K.

prediction of MCT [Eq. (3.7)] is automatically satisfied by
Eq. (3.8}if p is independent of temperature.

In Fig. 7 we show the susceptibility spectra of Fig. 2
for temperatures between 210 and 350 K together with
the fits to Eqs. (3.2) and (3.8). The fit results for p, r„
and co,„at each temperature are listed in Table I. Note
that the high-frequency wings of the a peaks fall sys-
tematically above the fits, due to the onset of the P-
relaxation process. (Also note that in this part of the
spectrum, the a-relaxation and P-relaxation regions over-
lap. }

10

10

B. a relaxation
I

i

01 1 10
Frequency {GHz)

In the susceptibility spectra of Fig. 2, an a-relaxation
peak is clearly visible for temperatures above 220 K. a
peaks are frequently fit to stretched-exponentia1 functions
[Eq. (3.8)] with A, r, and p treated as fitting parameters.
MCT has shown that Eq. (3.8), while not an exact solu-
tion of the MCT equations, provides a quite accurate rep-
resentation of the a-relaxation spectrum. The scaling

FIG. 3. Experimental susceptibility spectra for 190~ T & 270
K fitted by the idealized MCT interpolation equation (3.3) in the
P-relaxation region with a =0.29 and b =0.50. {A, =0.78. } For
the 190 K curve, the MCT fit has been extended beyond the

fitting region (dotted line) to illustrate the disagreement result-

ing from the neglect of hopping effects.
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FIG' 6' Xmin vs T(~I T& Tc) and X" vs T(O, TWTc). Ex-
trapolation to y"=0 gives T& =187+5 K.
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FIG. 4. Susceptibility spectra shifted to overlap at the mini-

ma, together with the MCT master functions gy(co/co ) for
A, =0.78. (a) (T& Tc): temperatures are (from top to bottom),
190 to 270 K in steps of 10 K. To demonstrate the accuracy of
the exponent parameter A,, two other master functions with
A, =0.70 and 0.84 are also plotted. (b) (T& T&): Scaling of the
portion of the y"(co) spectra between the vertical lines in Fig. 2
onto a A, =0.78 master function. Temperatures are (from top to
bottom) 180, 170, 160, 150, and 135 K.
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FIG. 7. a-relaxation region of the y"(co) spectra of Fig. 2
fitted with Eqs. (3.2) and (3.8) for temperatures (from right to
left} 350, 330, 310, 295, 280, 270, 260, 250, 240, 230, 220, and
210 K.
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FIG. 5. e}~';„vs T ($, T& Tc) and co2' vs T (o, TWTc). Ex-
trapolation to co=0 gives T&=187+5 K.

FIG. 8. Stretching constant P from the fits in Fig. 7. The
constant-P fit indicated by the dashed line gave P=0.77%0.05.
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The stretching constant P found from these fits is plot-
ted against temperature in Fig. 8. The data indicate that
P=0.77+0.05 with no evidence of a systematic increase
with increasing temperature. Borjesson, Elmroth, and
Torell [8] also found a temperature-independent P from
their Brillouin scattering study of PC, although with a
somewhat smaller value (P-0.55). (Note that MCT pre-
dicts that P can be different for different quantities. )
These results obey the scaling (i.e., time-temperature su-
perposition) of a relaxation predicted by MCT.

The MCT prediction for the temperature dependence
of co,„=co =1/~ is given by Eq. (3.9). The values of a
and b found from the analysis of the P-relaxation region
in the preceding section fix y=1/2a+1/2b =2.74. In
Fig. 9 we plot ~ ' vs T. The data show the predicted
linear temperature dependence, yielding T& =186+3 K,
which agrees, within experimental error, with the result
obtained from the analysis of the P-relaxation region.

We have also converted viscosity data [19] to a viscous
relaxation time ~„with the Stokes-Einstein relation:
r„=4mR ri/3k& T, fixing R =1.7 A to match ~ at high
temperatures. The high-temperature data, again plotted

10
+

/

'+ +

++

6-",

—1/2. 74as ~„vs T, are approximately linear, and extrapo-
late to zero at T& =188+3 K, close to the ~ result. This
fit is also shown in Fig. 9 along with a fit of dielectric
data.

V. EXTENDED MCT ANALYSIS

The idealized MCT discussed in Sec. III is a con-
venient but incomplete approximation to the full MCT.
The idealized theory contains only nonlinear interactions
among density fluctuation modes in the memory kernel,
representing the cage effect, and predicts a complete
structural arrest at Tc. Following a suggestion by Das
and Mazenko [27], Gotze and Sjogren [28] identified the
leading correction terms to the memory kernel, and
found a set of closed equations of motion for the 4 (r)
which constitute the extended MCT. These terms, which
represent ergodicity-restoring activated transport pro-
cesses, appear in the resulting equation of motion for the
P correlator G(t) as a temperature-dependent hopping
parameter 5(T). In the extended theory the sudden
structural arrest at Tc is replaced by a gradual crossover
from liquid dynamics to glassy dynamics; the a peak and
susceptibility minimum both exist at all temperatures.
The structure and scaling properties of the extended
MCT P correlator are discussed in detail in Ref. [29].
The extended theory reduces to the idealized version in
the limit 5—+0.

In the extended MCT, the one-parameter scaling law
for y"(co, o } of Eq. (3.5) is replaced by a two-parameter
scaling law for g"(ai, o, 5to) where to is a microscopic
matching time that makes the hopping parameter 5to di-
mensionless. (The choice of to has no effect on the form
of y" which is completely determined by I,.)

In carrying out fits to experimental susceptibility data
with the extended MCT, the exponent parameter A. is
fixed, and the three parameters h (T}, u(T), and Sto(T)
are varied to optimize the fit at each temperature to

y"(co)=h,y"(co,o, 5to) . (5.1)

0
1SO 200 250 300 RS0

FIG. 9. a-relaxation time ~ obtained from the fits in Fig. 7
plotted as ~ '/~ with y=2. 74 vs T (o ). The best straight line
fit gave Tc =186 K. Viscosity data ($) [19] was converted to
relaxation time ~„with the Stokes-Einstein relation
~„=4~R 'g/(3k& T) where R = 1.7 A was obtained by matching
our a-relaxation time ~ with ~„at high temperatures. A linear
fit gave Tz =188+3 K. (+) are scaled ~ values calculated from
the same viscosity data [19], but using the Maxwell relation
'7—Yf 1 6 ~ 6 was obtained from G„=pV+„where V&„was
determined from 90' depolarized Brillouin spectra (temperature
from 125 to 190 K) and extrapolated to high temperatures by
assuming a linear temperature dependence. (A) are scaled ~
values from dielectric data [14,12,13,16]. A11 three plots give a
critical temperature around 185 K.

In Ref. [5] extended MCT fits were carried out for
CKN and salol, and it was found that in the vicinity of
Tc both h (T) and o(T) could be represented by linear
functions of T, while 5to(T) was approximated by an Ar-
rhenius function. It was also found that the optimum ex-
ponent parameters were slightly larger than for the ideal-
ized theory: A, =0.85 (rather than 0.81) for CKN, and
A, =O. 73 (rather than 0.70) for salol.

This fitting procedure also established the trajectories
in the (cr, 5to) parameter space followed by each of these
systems as T changes. These trajectories cut across
different scaling lines where 5t&=C~o ~"+ ' ' as T de-
creases so that simple T scaling does not fully apply,
which explains why the idealized MCT scaling is only ap-
proximate.

An extended MCT analysis was carried out for PC fol-
lowing the procedures described in Ref. [5] for CKN and
salol. Fits were performed with two values of k, A, =0.78
(found in the idealized MCT analysis) and A, =0.81. With
X=O. 81 it was not possible to obtain good fits to the data
for T well above T~ with 6=0. We therefore completed
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the fitting procedure with A, =0.78. The fits are shown in
Fig. 10. Note that inclusion of 5%0 has eliminated
disagreements of the idealized MCT fits found in Figs. 3
and 4. The MCT result of Eq. (5.1) accounts for the P
spectrum for T & T& down to the lowest frequencies we
measured. The values of o and 5to from these fits are
given in Table II.

As discussed in Ref [5], the supercooled liquid dynam-
ics pass smoothly from the high-temperature liquid re-
gion to an intermediate crossover region where the cage
and hopping effects are comparable, and then from the
intermediate region to the low-temperature glassy region
where the hopping effects dominate. The intermediate
crossover region occurs between o = —pro and cr =+pro
where the hopping-induced scale o 0 is set by

)(2a)/( t+2a)
&o o (5.2)

In Fig. 11(a) we show the separation parameter o(T)
found from the fits, together with the koo lines deter-
mined from the (5to) values via Eq. (5.2). The zero of
o ( T) defines the critical temperature and we find
T&=179+2 K. This plot locates the crossover region
centered at T~ -179K with a width of -10K, compara-
ble to the salol results in Ref. [5]. The transition regions
for PC and salol are much smaller than the CKN result
of -70 K. The amplitude h (T) is shown in Fig. 11(b).
Although the temperature dependence in the vicinity of
Tc is steep, it is still well represented by a linear function
of T as found for CKN and salol.

In Fig. 12(a) we show the (o,5to) values found from

135
150
160
170
180
190
200
210
220
230
240
250
260
270
280
295

0.0904
0.0692
0.0622
0.0238
0.0039

—0.0247
—0.0618
—0.126
—0.176
—0.253
—0.353
—0.339
—0.367
—0.527
—0.571
—0.652

7.16X 10
6.92 X 10
1.03 X 10
1.51X10-'
5.55 X 10-'
7.56X 10-'
9.14X 10-'
1.78 X 10
1.24X 10-4
7.07X 10-'
5.86X 10-'
4.73 X 10-'
5.23 X 10-'

0.527
0.513
0.636
0.982
1.64
2.20
2.56
2.60
2.61
2.43
2.22
2.36
2.48
2.16
2.15
2.10

0..2 I I I
I

I I I
I
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I

I I I
I

I I I

~ b,
0

-0.0— A

-0.2—
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-0.4—
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TABLE II. Fitting parameters for extended MCT analysis
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FIG. 10. Susceptibihty spectra y"(ro) of pc fi««by &&0 P
relaxation functions of the extended MCT. The fits use the
same exponent a =0.29 corresponding to A, =0.78 obtained in

the interpolation fits of Fig. 3. The temperatures are (from top
to bottom) 295, 280, 270, 260, 250, 240, 230, 220, 210, 200, 190,
180, 170, 160, 150, and 135 K. The arrows at 180 and 190 K in-

dicate the increasing effects of hopping processes in the cross-
over region.
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FIG. 11. Parameters from extended MCT fits. (a) Separation
parameter 0 (0 ) and the hopping-induced scale ho 0 (4 ). The
heavy solid line is a linear fit 0 = A (T&—T) in the temperature
range 160& T~ 210 K with T&= 179 K. The solid (broken) line
is an Arrhenius fit to no ( —oo) in the same temperature range.
T= 175 and 185 K are estimated boundaries of the transition re-
&ion. (b) The critical amplitude hq(T) vs T from the extended
MCT fits.
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FIG. 12. (a) Trajectory of PC in the (o,5to) control parame-
ter space in the temperature range 130 T 210 K. The fit re-
sults are indicated by (O ). The bold line shows the interpolated
path C constructed from a linear fit of o( T) and an Arrhenius fit
of 5to( T). The four generalized parabolas are scaling lines with
cT /0 p

=7.01, 1.88, 1.00, and 0.33 (with increasing steepness).
The horizontal dot-dashed line indicates the idealized liquid
(left) and glass (right) of the 5=0 theory. (b) Double logarith-
mic plot of y";„vs co;„with the experimental values shown by
(O ). A linear fit shown by the broken line gave a,m

=0.32, in
clear disagreement with the idealized MCT prediction
a,e=a =0.29 shown by the solid line. The symbols (0}indi-
cate the modification of the prediction when the temperature
dependence of h(T), shown in Fig. 11(b), is included as dis-
cussed in the text.

the fits (circles) together with an interpolated trajectory
found from a linear fit to o(T) and an Arrhenius fit to
5tp( T). In the figure we also show a series of scaling lines
5tp~ ~o ~"+ ' ' for o/op=+7. 0, +1.87, +1.0, and
+0.33 with increasing steepness. The intersections of the
system trajectory C with the cr/crp=+1 0. scaling line
(solid) delineates the crossover region.

The idealized MCT prediction of Eq. (3.5), with h~ as-
sumed constant, leads to the prediction that a,z, the slope
of log, p(g „)vs log, p(co ) should be equal to a. Howev-
er, since h ( T}is actually an increasing function of T, y";„
will increase faster than ~o ~'~ and a,e should be larger
than a. This result a,z&a was found in our previous
studies of CKN [3] and salol [4], and was explained on
the basis of the temperature dependence of h (T) in Ref.
[5].

In Fig. 12(b) we show the experimental
[log,p(y";„),log, p(cp,„)] values for PC by open circles,
with a linear fit which gave a,&=0.32. A straight line
with slope a =0.29, the value found in Sec. IV, passing
through the lowest point is also shown to illustrate that
Q g&a.

We recalculated the predictions of Eq. (3.5) with
a =0.29 including the temperature dependence of h (T)
shown in Fig. 11(b). The results are shown by the (0)
symbols in Fig. 12(b). Thus the apparent failure of Eq.
(3.5) is eliminated when the T dependence of h (T) found
in the extended MCT analysis is included.

VI. POLARIZED BRILLOUIN SCATTERING
AND ULTRASONICS

We performed a polarized Brillouin scattering study of
PC to explore further the surprising results reported by
Elmroth, Borjesson, and Torell [10]. Fuchs, Gotze, and
Latz [30] had noted that the nonergodicity parameter
f ( T) of Eq. (3.1) can be determined in the q —+0 limit by

fp(&) =1—(Cp/C„)', (6.1)

where Co and C„are the sound velocities measured
below or above the a-relaxation region, respectively.
Since MCT predicts that f (T) should exhibit a square-
root cusp at T =Tc for any q [Eq. (3.1}], the
temperature-dependent values of Co and C„determined
from ultrasonic or Brillouin scattering experiments pro-
vide an independent method for determining Tc in the
q~0 limit. Three experiments exploiting this approach
have been previously reported: (1) Elmroth, Borjesson,
and Torell [10] for PC, (2) Dreyfus et al. [31] for salol,
and (3) Li et al. [32] for CKN.

In the PC Brillouin scattering experiments of Elmroth,
Borjesson, and Torell [10], three aspects of the experi-
mental and data analysis procedures may have contribut-
ed to their high value of Tc. First, the Ivv spectra were
analyzed directly without subtraction to remove aniso-
tropic scattering contributions; second, Co and C„were
both treated as free fitting parameters; and third,
structural relaxation was represented by an a-relaxation-
only model (Cole-Davidson) so that P-relaxation effects
were ignored. In the salol experiment of Dreyfus et ah.

[31], Cp was determined independently from ultrasonic
data and the anisotropic contributions were subtracted,
producing reasonable agreement between Tc found from
Eq. (6.1) and from the depolarized light scattering experi-
ment of Li et al. [4]. In the CKN experiment of Li et al.
[32], we also constructed a memory function which in-

cludes the full relaxation dynamics. With this memory
function we confirmed Eq. (3.1) with a Tc which was

consistent with other determinations.
We recorded 0= 172' VV and VH tandem inter-

ferometric spectra of PC with a mirror separation of 6
mm (FSR=25 GHz). The Ivv spectra include contribu-
tions from longitudinal density fluctuations ILA, aniso-
tropic scattering from orientational fluctuations, and
second-order DID scattering [3], while the IvH spectra
contain the orientational and second-order anisotropic
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scattering only. The pure ILA spectra can be obtained by
subtraction:

IIA =Ivv —KIvH (6.2}

rom (ro}=5 [(1 irowcD—)
c —1) (6 4)

where 5, AD, and pen are treated as adjustable fitting
parameters.

In order to reduce the number of free parameters in
Eqs. (6.3) and (6.4), we fixed PcD, yo, and Co(T) leaving
Io, b, , and AD as the three free fitting parameters. From
our fits to a-relaxation peaks discussed in Sec. IV, we
found P=0.77, which is equivalent [35] to P&D=0.68.
From the width of the LA Brillouin peak at 130 K (the
lowest temperature studied) we determined yo/2m. =0.1

GHz. We assumed that Pcn and yo are independent of

where K is a constant determined from the depolarization
ratio at frequencies well above the Brillouin peak [32].
For PC, we found K = 1.24.

Figure 13 shows the Ivv and IvH spectra for T =250
K, and the corrected Iz A spectrum found with Eq. (6.2).
Note that the It A spectrum is qualitatively different from
the uncorrected Ivv spectrum at frequencies below the
Brillouin peak, indicating that orientational and second-
order scattering processes make significant contributions
to Ivv.

The spectrum I„~ of longitudinal density Suctuations
including the interaction of LA modes with structural re-
laxation was analyzed by Mountain [33]. An approxi-
mate version of Mountain's generalized hydrodynamics
result, valid in the spectral region of interest here, is
given by [34,32]

I(co)=Io[yo+m "(co)]/([ro —co&+corn'(co)]2

+ [co[yo+m "(r0)J ]2), (6.3)

where roc= Coq, and yo is a regular damping constant.
The dynamics of structural relaxation enters Eq. (6.3)

via the complex memory function m (ro} which Mountain
[33] assumed to be Lorentzian. Frequently, m(co) is
modeled by a Kohlrausch function or by the closely relat-
ed Cole-Davidson (CD) function

temperature in this CD model fitting.
To determine independently the low-frequency sound

velocity Co( T), ultrasonic measurements were performed
at 5 MHz for temperatures between 293 and 240 K. Rel-
ative velocities were determined by means of a phase-
sensitive technique with a precision of 0.01%%uo [36]. The
precision of the absolute velocity was —1% due to slight
convection of the liquid. Ultrasonic measurements at 5
and 15 MHz down to 213 K showed measurable disper-
sion beginning at -230 K, indicating that measurements
at T~230 K were no longer determining Co due to the
rapidly increasing relaxation time. We therefore fit the
measured Co values in the range 293-240 K, where no
dispersion was observed, with a straight line, which gave

Co( T)=2507.5 —3.612T (rn/sec), (6.5}

3x10

shown by the dashed line in Fig. 14. (Our Co result
differs by about I'//o from that reported by Masood et al.
[11].}

We performed a conventional nonlinear least-squares
fit of the I„A spectra at each temperature to Eq. (6.3),
with the Cole-Davidson approximation of Eq. (6.4) for
m(r0). The ultrasonic Co(T) in Eq. (6.5) was used in the
fitting, but with a slight correction by +0.85 lo, which is
within the experimental error of the ultrasonic measure-
ment, in order to obtain agreement between co~ and Coq
at high temperatures. Fits for five temperatures are
shown in Fig. 15. The resulting values of icD, 5, and
C„=[Co+(5/q) ]'~ are listed in Table III. The C„
values are also plotted in Fig. 14 along with Co and with

Cz determined from the positions of the Brillouin peaks.
The nonergodicity parameter fo(T)cD computed with
Eq. (6.1) is shown in Fig. 16 by (Q). Note that the fits
shown in Fig. 15 are quite good, despite the fact that the
fit parameters and fo(T) values are rather different from
those in Ref. [10]. This demonstrates the extreme
difBculty of inferring the memory function from conven-
tional Brillouin scattering spectra.

As previously noted, the Cole-Davidson approxima-
tion, or any model for m (ro) which neglects p-relaxation

g 2x10

U

opp
4

C„"~ i

0
0 10

e/2x(GHz)
20

1x10

T (K)

FIG. 13. 8=172' I» and IvH Brillouin spectra for T=250
K and the corrected longitudinal spectrum I„~ found with Eq.
(6.2). Note that the subtraction strongly modifies the shape of
the spectrum for frequencies below the Brillouin peak.

FIG. 14. Sound velocity Co from ultrasonic measurements
(dotted line), C& from Brillouin peak positions (0 ), C„ from
the its of Fig. 15 (4). The solid line is the adjusted Co used in
the fits of Fig. 15.
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FIG. 15. Fits of ILA spectra to the generalized hydrodynam-
. (6.3) with the Cole-Davidson model as memory function.ics Eq. . wi

I 5 and 7cD are fitting parameters, with ~~cDIp, an 7 cD '
ht): 350, 280, 240, 200, andTemperatures are (from left to right):

160 K. (0 ) are experimental data, solid linelines are the fitted re-

sults. For clarity only one-quarter of the experimental points
are shown in the figure.

FIG. 16. Nonergodicity factors fco( )& ii( It
yo

(0 ), and (6 )

deduced from fitting parameters found w'with the three different
methods [CD, hybrid with 8" free and yo fixed, hybrid

with B" fixed and yp(T) following a hnear temp perature de en-

l j 'th ~. (6.1). The three results overlap ondence, respectively wit
'd

~ There are minima for all threethe low-temperature si e.
around 220 K.

contributions to m (c0), will generally result in fit parame-
ters of questiona e p y

'
bl h sical significance. This is because

the parameters use od to model the a relaxation must be
as wellsevere y is or e1 d' t ted to account for the P relaxation as we

[32]. But introducing additional parameters resu s in
which may be even less reliable. One therefore seeks to
represent m (co) with as few adjustable parameters as pos-

p32g~we con-In our Brillouin scattering study of CKN L32'„

both ct- and P-relaxation contributions by identifying
m" co) with the depolarized light-scattering spectrum.
This empirical memory function led o
[from E . (6.1)] in good agreement with Tc deduced from
MCT fits to the depolarized spectra. Its use was

rom q.

the assumption a eth t th structural relaxation dynamics
probe y ed b th LA mode are identical to the dynamics re-

'bl for the depolarized light scattering. Forsponsi e or e
'

n that the a-this ansatz was justified by the observation a
relaxation pea in ek in the depolarized spectrum crosses t e

he LA modeLA mode at the temperature where the mo e
linewidth is a maximum, so that v is abou e sbout the same for

both processes.
e of theFi ure 17 shows the temperature dependence o t e

LA mode peak frequency ~«, widt ~«, an
igure s

co and the peak
uenc of a relaxation in the depolarized light-

mode is a maximum at T-240 K, while the crossover of

frequency is at T-290 K. At 240 K, r (Brillouin) is
about five times shorter than ~ of the depolarized spec-

I t study of di-2-ethylhexyl phthalate,
Floudas, Higgins, and Fytas [37] have similarly observe
t a eh t the structural relaxation time in errere from the Bril-
louin linewidth is about one order of magnitud e faster
than that found from depolarized light-scattering or
dielectric ata. e ad W have also observed a similar
discrepancy for salol.

for PC the depolarized light-scattering spectrum
and the LA mode seen in the Brillouin scat er' g p
trum therefore refiect difFerent structural relaxation dy-
namics, the use of the empirical model for m(co) cannot
be justified for PC. We have therefore made a prelimi-
nary attempt to n m cofi d m(co) by combining the Cole-

mode with CD memory function.TABLE III. Fit parameters for the LA mode w'

T (K)

160
170
180
190
200
210
220
230
240
250
260
270
280

4.03
1.20
0.412
0.204
0.102

5.85 X 10
3.45 x10-'
2.32 x 10
1.60x 10-'
1.15X 10
7.23 x10-'
5.06x 10-'
3.55 x 10-'

w~ (ns)

2.50
0.746
0.256
0.127

6.36 X 10
3.63 x 10-'
2.15x 10-'
1.40x 10-'
9.92 x 10-'
7.12 X 10
4.48 x 10-'
3.14x 10-'
2.20 X 10

91.3
80.9
71.7
63.1

55.0
49.9
45.4
43.0
42.9
47.7
59.2
73.9
92.0

Cp (cm/s)

1.95x10'
1.91x10'
1.88 X 10
1.84x 10'
1.81x10'
1.77 X 10
1.73x10'
1.70x 10'
1.66x 10'
1.63 x 10'
1.59 X 10'
1.55 x 10'
1.51x 10'

C„(cm/s)

2.52 X 10
2.43 X 10
2.35 x 10'
2.27x 10'
2.19x 10'
2.13x 10'
2.07x 10'
2.03 X 10
2.00 X 10
2.01x 10
2.06x 10
2.14x 10'
2.24x 10'

fo

0.398
0.380
0.362
0.342
0.322
0.311
0.301
0.299
0.309
0.343
0.405
0.472
0.540
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FIG. 17. Temperature dependence of the LA mode peak fre-

quency co«(O) and linewidth hcoL„(A), and the a-relaxation
peak frequency co,„(O) in the depolarized spectra of Fig. 7.
The maximum width of the LA mode occurs at T-240 K. At
this temperature, the a-peak frequency co,„ is about five times
smaller than the LA mode peak frequency.

Davidson expression for the a relaxation with the MCT
prediction for the critical decay which is the high-
frequency wing of the P-relaxation spectrum. The result-
ing hybrid model for rn (co) is

10'

10

10

10

10
100

I
I

I I I I
I

I I

200

m (co)=m&D(co)+Bco', (6.6)

where 8 is a (complex) parameter and men(co) is the CD
function of Eq. (6.4). (The real and imaginary parts of 8
are proportional to the cosine and sine transforms of
t '. ) Plots of Eq. (6.6) show a reasonable resemblance to
the full m (co) computed from MCT model calculations
[38].

In Fig. 18 we plot ~ values from several difFerent exper-
iments. ( 0 ) are the AD from our CD model fits. (0) are
the r results from the depolarized spectra. Note that the

AD values fall below the ~ values and the discrepancy
increases at low temperatures. The MCT predicts that
while ~ for difFerent processes may be difFerent, all
should follow a common temperature scale. We there-
fore fixed icD by taking the ratio of r to 1cD at 240 K
where ~zD is set by uzi and ~ is set by the position of
the a peak co,„,and then divided v at each temperature
by this same ratio. The resulting AD is shown in Fig. 18
by the ( ~ —~ -) curve.

With this LCD, we carried out fits with the hybrid mod-
el with PcD=0. 68, the same as in the pure CD fitting,
and with a =0.29 obtained in the P-relaxation analysis in
Sec. IV. The fitting parameters were Io, 6, and B".
This hybrid model gave reasonable fits, but the tempera-
ture dependence of the resulting 6, as in the pure CD
model analysis, still had an anomalous increase for tem-
peratures higher than -230 K. We also found that b,
and B"are strongly correlated. Fitting with fixed B"by
constraining it to follow a linear temperature dependence
with adjustable slope was also attempted, but reasonable
fits for each spectrum in the whole temperature range
could not be obtained. Vfe also tried using fixed B",al-
lowing yo to follow a linear temperature dependence.
The fits were reasonable but 5 still had an anomalous
temperature dependence as in the other cases.

FIG. 18. Relaxation time r from various experiments:
depolarized light scattering (0), ~&D ( o ) from the fits of Fig. 14.
The solid line is v„calculated from viscosity data [19]by using
the Stokes-Einstein relation with R =1.7 A. (+) is ~~~ calcu-
lated from viscosity data using the Maxwell method. The ( ~ —~ )
line is the calculated ~zD value used in the hybrid model fits dis-
cussed in the text. (A) are results from dielectric measure-
ments [14,13,12,16]. {4)are neutron scattering results [7].

Figure 16 shows the nonergodicity factors fo deduced
from the fits via Eq. (6.1) for the three difFerent analyses.
There is no evidence for a cusp near 187 K which is ex-
pected to occur if Eq. (6.1) is valid. These results indicate
that the hybrid model of Eq. (6.6) (or the constrained pa-
rameters employed in the fitting procedure) may not be
adequate to describe m(c0). Although a more flexible
model could be obtained by also allowing PcD to vary
freely, experience suggests that increasing the number of
fitting parameters would produce fits of dubious
significance. We therefore conclude that the determina-
tion of Tc from Brillouin scattering experiments via Eq.
(6.1) is not reliable unless the memory function can be in-
dependently determined.

VII. CONCLUSIONS

Depolarized light-scattering studies of PC revealed a
two-peak structure in the susceptibility spectrum y"(c0)
similar to that previously reported for CKN [3],salol [4],
and OTP [6]. Data analysis for 190~ T ~ 270 K based on
the interpolation equation of the idealized MCT pro-
duced acceptable fits with an exponent parameter
A, =0.78. Extrapolation of co~ and (g~„) vs T from
these fits produced estimates of T (&185+5) K. For
T(T& the "knee" predicted by the idealized MCT was
not observed so that pure scaling of the data, as for CKN
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[3], could not be carried out. We therefore employed an
alternative scaling procedure, previously employed for
salol [4], of constructing a MCT y'+(ro} master function
for A. =0.78 and scaling the data onto the master curve.
This procedure gave an estimate for Tc consistent with
the T& T& data.

An extended MCT analysis was also carried out for
these data which quantitatively described the PC spectra.
The extended analysis confirmed the values of X and Tc
found in the idealized MCT analysis. The results showed
that for PC, the transition region separating the high-T
liquid regime from the low-T glassy regime has a width of
—10 K, similar to salol but much smaller than CKN [5].
This result suggests that for molecular glass formers the
buildup of hopping effects with decreasing T may occur
more rapidly than in molten salts, but more experiments
are needed to see if this result is general.

Polarized Brillouin scattering experiments were per-
formed in an attempt to elucidate the result reported by
Elmroth, Borjesson, and Torell [10] in which Tc found
from a Brillouin scattering experiment was inconsistent
with neutron scattering results. In our previous Brillouin
scattering study of CKN [32] we had found that an
empirical memory function could be constructed from
the depolarized light-scattering spectrum which pro-

duced good fits to the Brillouin scattering data and led to
an estimate of Tc in agreement with the value obtained
from the depolarized light-scattering experiment. For
PC, however, this procedure could not be employed be-
cause the primary relaxation time ~ of the structural re-
laxation process producing the depolarized light-
scattering process is apparently about five times longer
than that of the relaxation process coupling to the longi-
tudinal acoustic modes. We attempted to fit the spectra
with a hybrid memory function which would approxi-
mate the function predicted by MCT, but the results were
inconclusive. At this point we tentatively conclude that
the determination of T& from Brillouin scattering experi-
ments is not generally reliable.
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