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Brillouin Scattering in Salol: Determining 7. of the Mode Coupling Theory
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Brillouin scattering spectra of the molecular glass former salol were combined with ultrasonic mea-
surements to evaluate the nonergodicity parameter of mode coupling theory fo(7'). It was found to ex-
hibit a weak cusp at a temperature 77 =275 % 10 K, in reasonable agreement with the mode-coupling
crossover temperature 7. =256 = 5 K found recently by other methods. This result is in marked con-
trast to the recent publication of Elmroth, Borjesson, and Torell [Phys. Rev. Lett. 68, 79 (1992)].

PACS numbers: 64.70.Pf, 62.10.+s 78.35.+c

Most recent experimental research on the liquid-glass
transition in fragile liquids has been designed to test vari-
ous predictions of the mode-coupling theory (MCT).
First proposed in 1984 [1-3], MCT predicts that non-
linear interactions between density fluctuation modes in-
duce an ergodic-to-nonergodic glass transition singularity
at a crossover temperature 7., somewhat above the ca-
lorimetric glass transition temperature 7.

A central prediction of MCT concerns the temperature
dependence of f,, the Debye-Waller factor or nonergodi-
city parameter [3,4]:

e (T>To),
Jo(D) {/§+hq(e)'/2 (T<T.), )

where e =(T. —T)/T, is the dimensionless separation pa-
rameter, and f3 is a slowly varying function of T.

Although the magnitude of the cusp described by Eq.
(1) can vary with g, the temperature T, at which the
cusp occurs should be an intrinsic property of a material
and therefore independent of g.

Equation (1) has been shown to be consistent with the
results of neutron scattering experiments for several ma-
terials [3,4] in which f,(T') was determined [5-9], and in
particular, the independence of T, on g was tested for a
considerable range of g in [6]. Generally, T, has been
found to be about 30 to 50 K above T, and well below
the bulk crystal melting temperature Ty. 7. has also
been determined approximately for several materials by
power-law fits of viscosity data [10-12] and recently by
depolarized light-scattering spectroscopy [12,13]. In gen-
eral, the T, values found by different methods have been
in reasonably good agreement.

Fuchs et al. [14] pointed out that 7. could also be
determined from the relation

fo=1—(Co/Cx)?, ()

where fo is the g— 0 limit of f,, and Co (Co) is the
high- (low-) frequency sound velocity measured above
(below) the primary a-relaxation frequency. Equation
(2) provides an alternative test of the prediction of Eq.
(1), using the temperature-dependent sound velocities Co
and Cw measured by ultrasonic or Brillouin scattering
techniques.
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In order to test Eq. (2) and the possible g dependence
of T, we have undertaken a Brillouin scattering study of
the molecular glass former salol (phenyl salicylate,
T¢ =218 K, Ty =315 K) for which a recent depolarized
light-scattering experiment gave T. =256 = 5 K, in good
agreement with 7,=265+*5 K obtained from a power-
law analysis of available viscosity data [12].

Brillouin scattering measurement of the density fluc-
tuation spectrum S(g,w) is complicated by the fact that
both the VV and VH spectra contain several different
contributions. Both spectra include anisotropic scattering
contributions from molecular orientational motions as
well as from second-order dipole-induced-dipole (DID)
scattering. These two anisotropic contributions are scat-
tering-angle independent and have the same depolariza-
tion ratio, Iyy/Iyy =0.75, so that there is no straightfor-
ward way to separate them. The VH spectra also include
a depolarized scattering-angle-dependent contribution
arising from the coupling between orientational motions
and transverse current (shear) [15,16], whose intensity
disappears for the backscattering geometry. The Bril-
louin scattering experiments described here were there-
fore performed close to the backscattering geometry
(6=173°) and the isotropic contribution S(g,w) present
only in the VV spectra was deduced from the analysis of
the VV and VH spectra as described below.

The experiments were performed with an 8-pass
(4+4) tandem Fabry-Pérot interferometer constructed at
the Département de Recherches Physiques following the
design of Sandercock [17]. The light source was a
Coherent Innova 90 argon-ion laser operating at 514.5
nm. Samples were prepared as in [12].

To include the anisotropic contributions in the VV
spectra, we have followed a procedure similar to that of
Ref. [18]. At each temperature, the depolarized spec-
trum was fitted by a single Lorentzian of half-width
Aw;;=T,. The resulting values of I', are given in Table
I and are in good agreement with previously determined
values [15]. This Lorentzian, multiplied by a constant
Lni treated as an adjustable fitting parameter, was then
added to the theoretical expression for S(g,w) in the
analysis of the V'V spectra.

The VV spectra were analyzed by a conventional non-
linear least-squares fitting to the convolution of the exper-
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FIG. 1. Salol VV Brillouin spectra at T =323, 273, and 223
K showing the experimental data (points) and fits by Eq. (3).
For clarity, only one-third of the data points are shown.

imentally determined instrument function with the
theoretical function /(w) given by [19]

I(w)=%lm[m3—w2—iw7-A2{(l —iwt) F-1}17"!

r?
+lani—w‘§‘:r—r2+lbg, 3)

where wp is the “bare” Brillouin peak frequency (wo
=(Coq) and 7 is the “bare” damping constant assumed
here to be temperature independent. A is the coupling
constant between density fluctuations and the primary «
structural relaxation, t is the average structural relaxa-
tion time, and B is the stretching parameter of the corre-
sponding Cole-Davidson distribution which can be con-
verted to the equivalent Bx of the Kohlrausch function
[20].

Equation (3) contains nine parameters. g, ., and
Ivg are the strengths of the isotropic, anisotropic, and
background contributions to the V'V spectrum which were
treated as free parameters in the fitting procedure. y was
determined from a spectrum below T and we used the
resulting value y/27x=0.24 GHz in all the fits. T, was
found from the depolarized spectra. Of the other four
parameters (B,1,A, and wp), B and t are strongly corre-
lated, as are A and wo.

It is possible to obtain satisfactory fits for a large range
of B values as long as 7 is allowed to vary freely, as noted
previously on other systems [16,21]. However, depolar-
ized light-scattering [12] and dielectric [22] measure-
ments in salol have determined B¢ in the range of tem-
perature of our experiment. We therefore fixed B for
each spectrum using the values given in Ref. [12].

Since A and wo=Coq in Eq. (3) were similarly too
strongly correlated to be determined simultaneously we
performed an ultrasonic pulse-echo experiment to deter-
mine Co independently [23]. Between 350 and 280 K,
the 5 and 10 MHz data show that the sound velocity fol-
lows a linear temperature dependence:
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FIG. 2. Salol VV spectrum at T =296 K showing the aniso-
tropic (---) and isotropic (---) contributions and the total
theoretical spectrum (——) of Eq. (3), each convoluted with
the instrumental resolution function.

Co=2448 —3.23T (m/s) . 4)

Below 280 K, the measured sound velocity increases to-
wards C, exhibiting dispersion and a very high attenua-
tion so that Co can no longer be measured directly. We
have therefore assumed, as is frequently done [21], that
the linear temperature dependence of Cp in Eq. (4) can
be extrapolated to lower temperatures. With I',, 7, B,
and Cy thus fixed, the remaining five adjustable parame-
ters in the fit are Jo, Lani, Tog, A, and 7.

In Fig. 1 we show the experimental V'V spectra and the
results of the fit for three temperatures, 323, 273, and
223 K. In Fig. 2, the T=296 K VV spectrum is shown
together with the isotropic and anisotropic contributions,
and the total theoretical function. The parameters of the
fits are listed in Table I together with the resulting re-
duced y%. We also attempted to fit the data without in-
cluding the I,,; term in Eq. (3). For temperatures in the
range 278-343 K, it was generally not possible to obtain
satisfactory fits without this term.

At low temperatures, the t values found were not well
defined, since in this range, the term (1 —iwt) ~# in Eq.
(3) is small and the fit is not sensitive to . At higher
temperatures, there is a systematic discrepancy between
7 obtained from depolarized light scattering [12] and our
values [24]. Such discrepancies between 7 values mea-
sured by different techniques have been discussed previ-
ously [25-27], and it has been suggested that some
decoupling between the different processes probed by
different techniques may be responsible. However, it has
been shown [12,22] that a Kohlrausch or Cole-Davidson
function chosen to fit the peak of the dielectric loss func-
tion £"(w) falls significantly below the data in the 3-10
GHz range where the Brillouin spectra are strongest.
The different 7 values found in different experiments
therefore presumably reflect the consequence of optimiz-
ing the approximate Cole-Davidson function in different
frequency regions [28].
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TABLE I. Fitting parameters for salol V'V Brillouin spectra. I', determined from Lorentzian
fits to VH spectra. wo, 7, B, fixed as described in the text. wg is the position of the Brillouin
peak; fo is from Eq. (2) with we=(wé+A2)"2. The values of I, indicated by (*) were deter-
mined with poor precision since at these temperatures the VH signal was weak and fell primari-
ly within the Rayleigh line. At these temperatures, fo is independent of the value of I',. Note

that all numerical values are given in GHz and not in radians ™',

T|TrR | w Y B A [t(ns)|IANI/I] 0w | wB | fo | xv2
(GHz)| (GHz)| (GHz) (GHz) 0 |(GHn | GH)
223 - 11086 024 | 050 | 10.45] 86 - 15.07 | 1491 ]| 0.48 | 1.9
233| - 11063] 0.24 | 050 | 9.67 | 22 1437 | 14.19 ] 0.45 | 2.0
238 10.52 | 0.24 | 050 | 938 | 14 14.09 ] 13.94] 044 | 2.6
243 10.40 | 0.24 | 050 | 9.19 | 8.9 13.88 ] 13.70 | 0.44 | 2.3
248 10.29 | 0.24 | 0.50 | 9.28 | 8.0 - 13.86 | 13.60 | 0.45 | 1.3
253 10.17] 0.24 | 0.50 | 9.02 | 5.3 13.59 | 1333 ] 0.44 | 1.3
258] - 110.06] 024 | 055 | 854 | 1.99 - 13.20 § 12.87 | 042 | 2.4
263| - 9.95 | 024 | 057 | 845 | 1.27 - 13.05§ 1268|042 | 1.2
268 | - 9.83 | 024 | 063 | 8.11 | 0.79 - 1274 § 12.35 | 040 | 1.5
273 9.72 | 0.24 | 0.68 | 7.70 | 0.58 12.40 | 12.00 | 039 | 1.5
2780.69* ] 9.61 | 0.24 | 077 | 7.43 | 0.41 | 0.003 | 1215|1205} 037 | 1.3
283]0.50* | 9.49 | 0.24 | 077 | 7.24 | 034 | 0.010 [ 11.94]| 11.50] 037 | 1.4
296] 0.40 | 9.20 | 0.24 | 0.77 [ 7.07 | 0.20 | 0.077 | 11.60 10.84] 0.37 | 19
313] 076 | 8.82 | 024 | 077 | 6.71 | 0.13 | 0.055 [ 11.08) 9.85 | 037 | 1.5
323 0.83 | 8.60 | 0.24 | 077 ] 6.59 | 0.11 | 0.051 | 10.83] 937 | 037 1.6
333 1.25 | 8.38 | 0.24 | 077 | 6.27 | 0.09 | 0.034 | 1047 895 | 036 | 2.0
343| 142 | 816 | 024 | 0.77 | 6.32 | 0.08 | 0.034 | 1032 858 | 037 | 1.2
In Fig. 3 we have plotted wo found from the ultrasonic 05

measurement and we=(wd+A2)"2 found from the 1

analysis of the Brillouin scattering data. We also include 7

wp determined from the peak positions of the Brillouin 0.45-

components. Note that wo and w are essentially parallel . .

down to T~280 K where ww begins to increase more s

rapidly than wg. At T~Tyg, there is a change in the .

slope of w. which has been noted in previous experiments 04

[16]. Finally, from the values of wo and w determined ]

by the analysis, we computed fo(T) via Eq. (2). The re- .

sult is shown in Fig. 3. There is evidence of a small cusp 0.35

at T=275 K. To show that the cusp of f is not a result 205 250 275 300 325

of the temperature dependence of B, we have also fitted T(K)

the data with a T-independent 8=0.77. The cusp is still
visible but slightly displaced. To take into account the
possible uncertainties we propose T,=275%10 K, in
reasonable agreement with the previous determination
T.=256+5K [12].

A similar Brillouin scattering study of propylene car-
bonate (PC) was reported recently by Elmroth, Borjes-
son, and Torell [29]. They found a cusp at T5=270 K,
which is at least 60 K above the T, found by other tech-
niques [9,29,30] and 52 K above the melting temperature
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FIG. 3. fo(T) vs T from Eq. (2), using the values of
Co/C=wo/w= found from the Brillouin scattering and ul-
trasonic data. The solid line is a fit to Eq. (1) from which
T.=275%1 K, f§=0.37%0.1, and hy=0.23 £0.01. Circles:
S values computed from B from Table I; squares: f values com-
puted with T-independent f=0.77. Inset: Temperature depen-
dence of wo=Coq (solid line), ww (squares) from the fits by Eq.
(3), and ws (circles) from the position of the Brillouin peaks
(see Table I). Co is from the ultrasonic measurement [Eq. (4);
g=nx2.437x10° cm ™!, where n=1.60—4.2x10"* T(°C) is
the refractive index [15]].
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of PC [9]. Their result challenges the essential MCT
prediction of a glass transition singularity for all modes at
a common g-independent crossover temperature 7.

In attempting to understand the different results found
in these two experiments, we consider the following points
to be relevant.

(i) For our salol data, it was not possible to obtain a fit
by Eq. (3) for T > 278 K if the second (1,,) term was
not included. This contribution was not introduced in the
analysis of Elmroth, Borjesson, and Torell [29], although
they have found that Iy < 10%Iyy which suggests that it
can be ignored [31].

(ii) The validity of Eq. (2) requires that the fast decay
of density fluctuations (microscopic and B-relaxation pro-
cesses) occurs on a time scale much shorter than the pri-
mary a relaxation [14]. If this separation of time scales
fails, then, with decreasing temperature, part of the g-
relaxation process may enter into the experimental fre-
quency “window,” leading to an overestimation of fo, as
noted in [29].

(iii) Extracting the nonergodicity factor fo from Bril-
louin spectra involves a fit with numerous parameters,
some of them being strongly correlated. Our experience
suggests that it is not generally possible to determine reli-
ably w9 and we simultaneously from fits to Brillouin
spectra.

The fact that for salol we find that the T. determined
from Brillouin scattering data via Eq. (2) is in reasonable
agreement with values found by other techniques, while,
for PC, Elmroth, Borjesson, and Torell find a difference
of at least 60 K, indicates the need for further study of
the question of the g dependence of 7.
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