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Brillouin-scattering study of the liquid-glass transition
in supercooled aqueous lithium chloride solutions:

Generalized hydrodynamics and mode-coupling analyses
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Brillouin scattering in aqueous LiCl solutions was investigated in the concentration range 5—36
mol%%uo at temperatures between 375 and 78 K. The polarized spectra were found to be accurately
described by generalized hydrodynamics with a single-relaxation-time structural-relaxation process.
The relaxation times obey the Arrhenius relation above -200 K with activation energies between
2.5 kcal/mol at 36% and 6 kcal/mol at 5%. The transverse-acoustic mode that was observed in the
depolarized spectra was qualitatively analyzed with a simple viscoelastic form for the transverse-
current correlation function. The polarized spectra were also compared to preliminary predictions
of the mode-coupling theory as formulated by Bengtzelius et al. , and showed qualitative agreement
but significant quantitative disagreement. Both the LA and TA sound velocities exhibit discontinu-
ous slope changes in their temperature dependences at the glass transition.

I. INTRODUCTION

The glass transition has been the subject of extensive
experimental and theoretical studies for many years, both
for its fundamental interest and for its practical impor-
tance. ' Although it is widely believed that the glass
transition is essentially kinetic, resulting from a "falling
out of equilibrium" of density fluctuations in the liquid as
the structural. relaxation time increases with decreasing
temperature, there is not yet a generally accepted com-
plete theory of the transition. The free-volume model,
combined with the ideas of percolation theory, predicts
that the glass transition is a first-order phase transition,
while recent mode-coupling theories of the glass transi-
tion ' imply that it is kinetic rather than thermodynam-
ic. Experimentally, anomalies in thermodynamic proper-
ties such as the specific heat and thermal-expansion
coefficients at a transition temperature T suggest a ther-
modynamic phase transition, while the observation that
T depends on the cooling rate indicates that the transi-
tion is kinetic rather than thermodynamic. It is therefore
still unclear whether or not the glassy state is distinct
from the supercooled Quid in any sense beyond the
infinite relaxation time.

Much of the dynamical information required for a full
description of normal and supercooled Auids is contained
in the density-correlation function G(r, t) and its space-
time Fourier transform, the dynamic structure factor
S(k, co). Polarized Raman-, Brillouin-, and quasielastic-
light-scattering spectroscopy can determine S(k, co) for
frequencies from a few Hz out to the 10' -Hz range
characteristic of molecular vibrations. Brillouin scatter-
ing is especially useful for studying the glass transition
since its range of —10 —10 ' s includes the acoustic
modes as well as the central-peak ("Mountain mode" )

scattering usually associated with structural relaxation

processes. Molecular-dynamics simulations of liquid-
glass transitions are also performed in this time re-
gime' '" and therefore can be compared with Brillouin-
scattering experiments.

Several Brillouin-scattering studies of liquids near the
glass transition have been reported in the past, with anal-
yses based on one of the generalized hydrodynamic ap-
proaches to be discussed in Sec. II. Materials previously
studied include salol, ' ' polymethyl acrylate, ' and po-
lymethyl methacrylate, ' DMSO-H20, '

(DMSO =dimethyl sulfoxide), triphenylphosphite, '

B2O3 Zn( I and [6Q% +NO3 —4Q%
Ca(NO3)2]. ' In most cases, only the frequency shifts
and linewidths of the Brillouin peaks were analyzed,
while the additional information contained in the detailed
spectral shape was ignored. Those studies in which the
full spectrum was analyzed, such as the recent study of
ZnC12 by Soltwisch et al. ,

' have shown that generalized
hydrodynamics, which reduces to classical viscoelasticity
in the long-wavelength limit appropriate for light-
scattering experiments, can provide an excellent fit to the
complete experimental data.

There is, however, an essential problem with the gen-
eralized hydrodynamics or viscoelasticity approach since
an additional internal degree of freedom g with relaxation
time ~ which describes the structural relaxation process is
introduced ad hoc and ~ is adjusted to fit the data with no
fundamental theoretical justification.

Mode-coupling theories, in contrast, require no ad hoc
assumptions or extra degrees of freedom. Instead, the
nonlinear coupling of a density fluctuation to two (or
more) other density fluctuations is analyzed with no ad-
justable parameters, and a slow relaxation process
emerges naturally from the theory. This approach has
led to a renewal of interest in the glass transition, and
several experiments have been analyzed to test some of
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the specific predictions of the theory. To date, how-
ever, there has been no analysis of Brillouin-scattering
data based on the mode-coupling theory.

We have carried out a new Brillouin-scattering study
of aqueous LiCl solutions which are good glass formers in
the concentration range of ll —30 mol%. We studied
solutions with concentrations of 5, 10, 12, 15, 30, and 36
mol% at temperatures from 375 to 78 K, and analyzed
the data both with generalized hydrodynamics and with
an approximate form of the mode-coupling theory.

We will review the approach of generalized hydro-
dynamics in Sec. II, and of the mode-coupling theory in
Sec. III. Bur experiments and the material studied are
described in Sec. IV, and the polarized scattering results
are analyzed in Sec. V. An analysis of the depolarized
spectra is presented separately in Sec. VI, and discussion
and conclusions are given in Sec. VII.

II. GENERALIZED HYDRODYNAMICS

In 1966, Mountain analyzed the dynamic structure
factor S(k, co) [which is proportional to the polarized-
light-scattering spectrum I„(k,co)] for a Iluid with inter-
nal relaxation in the classical continuum limit of hydro-
dynamics. The kinetic bulk viscosity in the longitudinal
part of the Navier-Stokes equation was generalized to in-
clude a frequency-dependent viscosity function b '(co )

which was then approximated by a single-relaxation-time
expression

b'(~) =b
I /(I+i cur) .

(This approach is equivalent to the Maxwell theory of
viscoelasticity. )

Mountain showed that

S (k, co) =S(k)2 Re F(s)
S —l Cc)

(2.1)

where F(s) and G (s) are third- and fourth-order polyno-
mials in s, respectively, and S(k) is the static structure
factor.

Equation (2.1) can be approximately separated into the
sum of four terms: two Brillouin components centered
near co=+Ck, where C is the adiabatic sound speed and
k is the scattering vector, a quasielastic Rayleigh
(thermal-diffusion) mode of width

I T=DTk =A,k /poCp,

where A, is the thermal conductivity, po is the average
density, and Cz is the specific heat, and a fourth quasi-
elastic mode (the Mountain mode) of width = I /r, associ-
ated with the internal relaxation process. Although this
factorization is qualitatively useful, the complete expres-
sion (2.1) should be used for the detailed analysis of spec-
tra as emphasized by Mountain. Further discussion of
the general versus approximate form can be found in
Montrose et aI.

The general result [Eq. (2.1)] can be simplified consid-
erably for frequencies in the regime available to Brillouin
spectroscopy for which co is always much greater than
(A, /poCp)k, the width of the Rayleigh line. In this case,
Eq. (2.1) becomes

S(k)2(C ko/y)[b kO+b, k /(I+co r )]
[co —Cok —b, k co r/(I+co r )] +[cobok +cob, k /(I+co r )]

(2.2)

where ho=(43'), +g, )/po is the nonrelaxing (i.e., high-
frequency) part of the longitudinal kinematic viscosity.

In a subsequent paper, Mountain ' followed the alter-
native procedure of writing the hydrodynamic equations
with frequency-independent transport coefficients, and in-
troducing another coordinate g to represent the internal
relaxing degree of freedom. Zwanzig had previously
shown that frequency-dependent transport coe%cients in
AuicIs result from internal degrees of freedom. Two cases
were considered: in one, g couples to the local tempera-
ture (thermal relaxation); in the other, g couples to the lo-
cal density (structural relaxation). The structural relaxa-
tion case was shown to reduce to the generalized bulk
viscosity analysis resulting in Eq. (2.1), while the thermal
relaxation case gave slightly diFerent results. In I.iCl
solutions, the thermal relaxation process can be shown to
be unimportant for Brillouin scattering, as discussed
below.

The distinction between thermal relaxation and
structural relaxation was further studied by Allain-
Demoulin et al. who analyzed the general mixed-

coupling case and explored the interaction of the Ray-
leigh and Mountain modes near the transition, which is
critically dependent on the type of coupling. [Although
this aspect of the structure of S(k, co) is crucial in analyz-
ing the low-frequency spectrum observed in correlation
spectroscopy, it is not important for Brillouin scattering
where the Rayleigh line is not resolved. ]

This mixed-coupling analysis was applied to the
analysis of the light-scattering spectra of glycerol near its
glass transition by Lallemand and his co-workers, and
recently to salol by Sidebottom and Sorenson. Allain-
Demoulin et al. also extended the structural relaxation
analysis to nonexponential relaxation by introducing X
coordinates g;, with relaxation times r, . An important
result of their analysis was that, if the frequency-
dependent bulk viscosity is represented by a phenomeno-
logical function such as the Cole-Davidson distribution,
the parameters of the fit are very diFerent from those
found with a frequency-dependent longitudinal elastic
modulus.

The Mountain approach described above is a viscoelas-
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tic generalization of classical hydrodynamics to include
slowly relaxing degrees of freedom that applies in the
long-wavelength (small-k) limit in which the continuum
approximation is valid. In the next section we will need
to consider density fluctuation modes at much larger
wave vectors for which the continuum hydrodynamic
theory is inapplicable. The generalization of S(k, co) to
large-k values where the molecular structure of the liquid

becomes important is a complex problem encompassed
by the program of molecular hydrodynamics. A detailed
treatment of this approach can be found in the book by
Boon and Yip.

A suitable generalization of S(k, co) which covers the
full range of interest of k and co is [cf. Ref. 36, Eqs.
(6.3.12) and (6.3.36)]

k ~ co k D'(k, co)

[co —[(kuo) /S(k)]+cok D "(k,co)] +[cok D'(k, co)]

where uo is the thermal velocity (ks T/m)'

(y —1)u„DTk
D'(k, co) = +cIi'i(k, co),

co +(DTk )

—(y —1)uo
D "(k,co) = 4i'(k, c—o) .

S(k) ~'+(DTk')'

(2.3)

(2.4)

(2.5)

cIi&(k, co) is the Fourier transform of @&(k,t), the memory function for the longitudinal kinematic viscosity
vi =(—', il, +its )/po, and DTk is the width of the thermal-diffusion (Rayleigh) mode.

Since the thermal-diffusion mode is much too narrow to resolve in a Brillouin-scattering experiment, the limit
co ))DTk applies, and

—(y —1)(kuo)
cok D "(k,co)=

S(k) +cok 4i'(k, co),

while the first term in D'(k, co) can be ignored. Therefore,

(uok ) 4', (k, co)
S(k, co) =

[co —[)'(kuo) /S(k)]+cok cubi&'(k, co)] + [cok~@&(k,co)]~

In the hydrodynamic (long-wavelength) limit

y(kuo) /S(k)~Cok

where Co is the low-frequency adiabatic sound velocity, so that

(uok ) cI&'i(k, co)
S(k, co)=

[co —Cok +cok 4&&'(k, co)] +[cok cd&(k, co)]

If we make the single-relaxation-time approximation for the relaxing part of the viscosity memory function

@,(k, t) = cIii(k, O)e

and separately represent the nonrelaxing part of the longitudinal viscosity by 40, then Eq. (2.8) becomes

(uok ) [ cIio@+,(k, O) (re)/[ I+co)(k)]]
[co —Cok co k @((k,O)~i(—k)/[1+co r((k) ]] + [coC&ok +cok clii(k, O)~i(k)/[I+co ~i(k)]]

(2.7)

(2.&)

(2.9)

Equation (2.9) recovers the reduced form of the Moun-
tain equation (2.2) if we replace wi(k) by ~, @0by bo, and
C, by b, /~.

Note that, if temperature fluctuations represented by
the first terms in D' and D" in Eqs. (2.4) and (2.5) are
neglected from the beginning, the resulting equations
(2.7) —(2.9) would be unchanged except that Co would be
the isothermal rather than the adiabatic sound speed and
y= l.

III. MODE-COUPLING THEORY

In 1984, Bengtzelius et al. and Leutheusser proposed
a dynamical model of the liquid-glass transition, which
was further developed by inter alia Gotze, Sjorgen, and
Bengtzelius, Kirkpatrick, and Marchetti. ' In this
model, a dynamica1 density fluctuation with wave vector
k can couple to two (or more) other density Iluctuations
with overall k conservation. This nonlinear coupling
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causes a density-dependent renormalization of the dy-
namic structure factor leading to an increase of the trans-
verse and longitudinal viscosities and eventual freezing of
the Auctuations at a critical density associated with the
glass transition.

Following Bengtzelius et a/. we begin with a complex
dynamic structure factor

S(k, co) = J(k, co),
k

the Fourier transform of the density correlation function
F(k, t)=(5n(k, 0)6n( —k, t)):

(k /co )uo
S(k, co) =

{ ico—+(i /co)[(kuo) /S(k)]+M(k, co) I

transformed to find R (k, t); 1 (k, t) is then evaluated from
(3.3), and M(k, co) [Eq. (3.2)] is corrected. This process
is repeated until the S(k, co) no longer change on addi-
tional iteration, producing the self-consistent mode-
coupling (SCMC) result.

Analysis has shown that the major contribution to
1 Mc(k, co) comes from coupling to pairs of modes near
ko, the wave vector of the first peak of the static struc-
ture factor S(k). ' As an approximation to the full
SCMC result, we therefore compute S(ko, co) self-
consistently including only modes with

~

k
~

=ko, and
subsequently analyze S(k, co) for a long-wavelength hy-
drodynamic mode coupling to pairs of ko modes.

The angular integration in Eq. (3.3) is first carried out
leading to the form for I (k, t) given by Eq. (2.19) of Ref.
9. S(k) is then approximated by [Ref. 9, Eq. (4.1)]

+—S(k) . (3.1a)
S(k) =1+35(k —ko), (3.5)

[Taking the real part of Eq. (3.1A) recovers the result of
Eq. (2.7) with

M(k, co)=k 4, (k, co)

and y = 1.] Equation (3.1a) can also be written as

R (k, co) =
co —(kuo) /[S(k)(co+iM)]

where A is the area under the first peak of S(k) above a
baseline of 1. This reduces the full mode-coupling contri-
bution to S(ko, co) to a coupling to pairs of modes with
~k~ =ko. Equation (3.3) then reduces to

(3.6)

where

co —coo/(co+ iM)
(3.lb) koA

S(ko)
32& tl

(3.7)

where R (k, co) =S(k, co)/S(k) is the normalized complex
dynamic structure factor and coo= (kuo ) /S (k).

The generalized damping function M(k, co) in Eq. (3.1)
is next separated into two parts:

and

ko

MpS(ko)

(3.2)

where R(k, t) is the Fourier transform of R(k, co) and the
vertex (or coupling) constant V(k, k') is given by

V(k, k') = (n /m/3)(k k') C(k')

XI(k k')C(k')+[K (k —k')]C(~k —k'~)I

XS(k')S( it —k'i ), (3.4)

where C(k) = [S(k)—1]l[nS (k)] is the direct correla-
tion function.

Equations (3.1b),(3.2), and (3.3) permit a self-consistent
determination of S(k, co) for all k with only the static
structure factor S(k) and the density n as inputs. Start-
ing with all I Mc(k, co) =0 in Eq. (3.2) so that initially
M(kco)=I o(k), S(k, co) in (3.1) for each k is Fourier

where I o is a background damping term proportional to
k representing all high-frequency (nonrelaxing) process-
es, and the mode-coupling part I Mc(k, co) includes the
important structural dynamics.

The leading two-mode approximation for 1 (k, t), the
Fourier transform of I Mc(k, co), is

1(k, t)=(2 ) f d k'V(k, k')R(k', t)R(~k —k'~, t),
(3.3)

Next, we used the Percus-Yevick approximation for a
hard-sphere gas to obtain 3, ko, and S(k) as functions
of the packing fraction /=7m c7 /6, where cr is the hard-
sphere diameter and n is the number density. The value
of A in Eq. (3.5) for each P was found by integrating the
area under the first peak of S(k). These values were then
all rescaled (increased by 68%) so that the glass transition
would occur at P, =0.516 as found by Bengtzelius et ctl.

(P, is —70% of the fcc tight-packing fraction pip =0.740
or 81%% of the random-close-packing fraction
itjRcp=0. 637.) S(ko, co) was computed for values of it
from 0.38 to 0.516 by iteration of Eqs. (3.1), (3.2), and
(3.6) until convergence was achieved which required —20
iterations. An approximate correspondence between itj

and T was imposed by setting the glass transition
(P, =0.516) at T =140 K and then utilizing the mea-
sured thermal expansion coeKcient a=3 X 10 K ' of
LiC1 solutions. The results are shown in Table I.

Our results for Re[R (ko, co)] versus co are plotted in
Fig. 1. Note that, at small f ($~0.4), there is a max-
imum in the spectrum representing a propagating acous-
ticlike mode. As it increases, this feature becomes over-
damped and is replaced by a narrow relaxing feature (the
slow structural relaxation process) and a broad spectrum
of fast-relaxation processes. (See also Fig. 5 of Ref. 9.)
The width of the narrow component goes to zero at
itj, =0.516 where the density fiuctuations "freeze" pro-
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TABLE I. Coefficients for mode-coupling calculations (Percus-Yevick hard-sphere gas: ao=4. 5 A,
T~=140K, a=3X10 K ') k, =2.5X10 cm

0.383
0.491
0.496
0.499
0.502
0.505
0.508
0.511
0.5150
0.515 98

1000
300
270
250
230
210
190
170
150
140

A, (ko)

0.210
0.745
0.775
0.804
0.837
0.869
0.905
0.942
0.9785
0.9998

koo.

6.58
6.98
7.00
7.00
7.02
7.02
7.04
7.04
7.06
7.08

S(ko)

1.93
3.09
3.17
3.22
3.28
3.34
3.40
3.46
3.52
3.556

S(k, )

4.65 X 10
1.71 X 10
1.63 X 10
1.58 x 10-'
1.53 X 10
1.48 x 10-'
1.44 x 10-'
1.39 X 10
1.35 x 10-'
1.33 x 10-'

1.96
3.17
3.23
3.28
3.32
3 ~ 36
3.40
3.45
3.49
3.515

ducing the nonergodic glassy state. In the liquid phase
close to P„ the fast- and slow-relaxation processes each
have weight of —,'.

Next, we computed S(k, co) for a hydrodynamic mode
starting from the SCMC results already obtained for
S(ko, co). The long-wavelength form for I (k, t) given by
Eq. (2.20) of Ref. 9, with the 6-function approximation
for S (k) of Eq. (3.5), results in

8A, ko
r(k, t)= coo(ko)[S(ko) —1]R (ko, t)k,

This expression for 1 (k, t) was Fourier transformed,
added to I o to give M(k, co), and inserted in Eq. (3.1).
We performed this calculation for k, =2. 5 X 10 cm
(k, cr =0.0115 with cr =4. 5 A) which is the appropriate
value for our Brillouin-scattering experiments. The re-
sulting spectra Re[R (k„co)] are plotted in Fig. 2 for the
same values of g used in Fig. 1. However, the mode-
coupling contribution of Eq. (3.8) has been multiplied by
a factor of 7 to produce results close to those found in the
experiment.

[S(ko )
—1]k I (ko, t) .

0
(3.8)

IOOO K

( f =0.385}

IOOO K

0 K

500 K

250 K

50K

BIO K

2IO K

(Q = o.sos)
l90 K

l70 K

I50 K

0. 00 6.00 12.00 18.00

80 l6Q

I40. 1 K

2&Q
Briliouin Shift (GHz)

FIG. 2. Mode-coupling calculations for S(k, , co) correspond-
ing to the k of our Brillouin-scattering experiments. The spec-
tra at g=0. 383, corresponding to T =1000 K, indicates the re-
sidual linewidth due to I 0 when the mode-coupling contribution
has essentially disappeared. Note that the coupling constant
has been increased from its theoretical value by seven times.

Frequency (GHz)
FIG. 1. Mode-coupling theory predictions for S(ko, co) at

temperatures between 1000 and 140 K obtained from a self-
consistent calculation involving modes with iki = ka only as de-
scribed in the text.
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IV. EXPERIMENTS

A. Materials

Aqueous LiC1 solutions have been widely studied. In
an extensive calorimetry study, Angell et al." ' found
that the glass-forming ability of this system is highly con-
centration dependent. Below 11 mol %%uo, the nucleation of
ice takes place as the sample is cooled; above 30'7o, cry-
stallization also occurs easily and evidence shows that it
corresponds to the formation of LiC1 nH20 crystals.
However, at concentrations between these limits, it is a
very good glass-forming system. Ionic aqueous solutions
are also important for biological reasons; e.g. , ions with
water play critical roles in both the structure and dynam-
ics of DNA. ' There have been extensive structural
and dynamical studies of LiC1. ' Structural correlation
functions have been measured by x-ray and neutron-
diffraction experiments; dynamical properties, such as
diffusion constants, ionic conductivity relaxation, and re-
orientational relaxations have been investigated by quasi-
elastic neutron scattering, ' dielectric measurements,
NMR, and depolarized light scattering. An early
Brillouin-scattering study was reported by Hsich et al.

B. Experimental procedures

In this paper, we report a study of Brillouin scattering
in LiC1 solutions at concentrations of 5, 10, 12, 15, 30,
and 36 mol% from 375 to 78 K. The experiments were
performed at scattering angles of 90 and 25' which corre-
spond to a factor of 3 variation of scattering wave vector.
Both polarized and depolarized spectra were investigated.

Sigma Reagent grade LiC1 (99.5%) was used, and LiCl
solutions were prepared using distilled deionized water.
Each solution was filtered through a 0.2-pm membrane
filter. The samples were clear; dust crossing the scatter-
ing column was rare. The solutions were loaded into cy-
lindrical glass tubes with a diameter of 1 cm and sealed
with a flame (the tube was kept in liquid nitrogen during
the sealing so that evaporation was negligible). Each tube
was fitted in a cylindrical copper block with four small
windows for incident and scattered light, and the copper
block was attached to the cold finger of an Oxford
liquid-nitrogen cryostat. The temperature was controlled
by an Oxford temperature controller with an accuracy of
—0. 1 K. A platinum resistance thermometer was
mounted close to the sample, which insured that the
reading from the temperature controller was close to the
temperature of the sample.

Spectra were collected using a Sandercock six-pass
tandem Fabry-Perot interferometer with a finesse )60.
The advantage of the tandem interferometer over conven-
tional Fabry-Perot interferometers has been discussed in
several papers. ' ' The high-resolution and high contrast
enabled us to study the detailed shape of the whole po1ar-
ized spectrum as well as the weak transverse modes in the

0
depolarized spectrum. The single-mode 4880-A line from
a Spectra Physics model 165 argon-ion laser was used

with a typical power of 50 mW. Light transmitted
through the interferometer was detected by a
Harnamatsu R464S photomultiplier tube and the digital
data was recorded by an AT-type computer equipped
with an EG%G multiscalar card.

In the experiments, the samples were cooled by steps of
5' or 10 with a cooling rate of about 1 K/min then kept
constant for collecting a spectrum for 20 min. (For the
weak transverse modes, the collecting time for a spec-
trum was about 2 h. ) In this way, for the samples of 15
and 30 mol%, more than 30 spectra were obtained be-
tween 375 K and liquid-nitrogen temperature, and no
crystallization occurred (i.e., no significant increase in the
intensity of the elastically scattered light was observed).
This result is consistent with Ref. 45. For 5, 10, and 36-
mol%, samples, heterogeneous nucleation occurred dur-
ing the cooling, which was unavoidable in our experi-
ments even when a 10 K/min cooling rate was used.
Nevertheless, some good spectra above the nucleation
temperature were obtained with these samples. The 12-
mol % solution, which lies at the boundary between good
glass formers and good crystal formers, is of special in-
terest. When the temperature was kept at a value below
-200 K, no immediate nucleation occurred, but after
several minutes, the scattering column increased in
brightness and finally became milky. A LiCi solution at a
similar concentration was studied by neutron scatter-
ing, which showed that crystallization corresponding to
the formation of ice takes place at low temperatures.
Spectra were also taken while heating the solution up to
room temperature from liquid-nitrogen temperature; no
observable difference was found between the cooling and
heating runs.

In our experiments, 90' and near-forward (scattering
angle equals 24') scattering geometries were used. The
collection angle was -4' for the 90' scattering and less
than 2 for near-forward scattering. In both cases, the ex-
tra aperture broadening of the Brillouin linewidth is
small and therefore was ignored in the data analysis.
Both VV (vertically polarized scattered light collected
with vertically polarized incident light) and VH (horizon-
tally polarized scattered light collected with vertically po-
larized incident light) spectra were studied. The VV
spectra always exhibited a longitudinal acoustic mode,
while the VH spectra exhibited transverse acoustic modes
only when Twas low enough for co~~ 1 to be valid.

C. Results

Polarized (VV) spectra

The experimental Brillouin spectra of the 15-mol%%uo

LiC1 solution at 61=90' are shown by the circles in Fig. 3.
At T= 285 K (the top spectrum in Fig. 3), the spectrum
has the typical Rayleigh-Brillouin triplet form for a
liquid, which consists of three peaks; the (unresolved)
central Rayleigh component (it is too strong to show the
entire peak on the scale of Fig. 3) and the two symmetri-
cally shifted Brillouin peaks from the longitudinal sound
waves. The Rayleigh I,".omponent, which is attributed to
combined entropy Auctixations and concentration Auctua-



LOUIN-SCATTERING STUDY OF THE LIQUID-GLASS. . . 5821

0

Op

below 15 mol o
is believ

o, a unique property of liquid water h h
e ieved to be associated with its hydrogen-bonded

, W ic

tetrahedral structure. This result indicates that, below
5 mol%%u~, part of the water in the solution retains the

structure of pure water. The attenuation of the LA mode
at various concentrations extracted from the Brillouin
linewidths is plotted in Fig. 4(b). The values near the
maximum are only approximate because of the overlap of
t e Brillouin peaks with the central mode. We can see
t at t e value of the attenuation increases as the LiC1
concentration decreases, which is attributed to the tem-

of the LA mode shown in Fig. 4(a)].
Th e experiment was also performed in a near-forward-

scattering geometry with F9=24.6' The 1 f h
spectrum as a function of temperature is qualitatively
similar to the 0=90 results. As hs s own in ig. 5, the
changes of sound speed [Fig. 5(a)] and attenuation [Fig.
5(b)] occur at lower temperature for the near-forward-
scattering geometry. This can be easily understood in
terms of the relaxation theory as we 11 hwewi s owint enext
section.

„n
0

-18 -12 -6 0

Brillouin Shift (GHz)

FIG. 3. VV Brillouin spectra of the 15-mol% LiC1 solution
at 285, 255, 245, 235, 200, and 180 K (from top to bottom). The
circles are the experimental spectra, and the solid lines are the
calculated spectra using Eqs. (2.9) or (5.1). (Only ——' of the data4

points are shown for clarity. }

tions in this experiment, has a much higher peak intensi-
ty than the Brillouin peaks, and a width which is smaller
than the instrumental width. (A detailed study of the

et ah." A
Rayleigh peak in LiC1 solutions was reported b H hy sic
e a . s the sample is cooled (from top to bottom

'
om in

ig. ), the frequency shift of the Brillouin peaks in-
creases, while their linewidth increases and reaches a
maximum at about 250 K, and then decreases. Associat-
ed with the changes of the Brillouin peaks, an additional
central mode arises and narrows as the temperature de-
creases, and finally disappears into the wings of the Ray-

Using the refractive index data of Ref. 59, we calculat-
ed the speed of longitudinal sound waves at various con-
centrations from the frequency shift of the Brillouin
peaks and plotted the results in Fig. 4(a) as a function of
temperature. The longitudinal sound speed of super-
cooled water taken from Ref. 62 is also shown as a
dashed hne in Fig. 4(a). While for all the concentrations
the sound speed behaves in a qualitatively similar way,
we note that the longitudinal sound speed at high temper-
ature which corresponds to Co, the low-frequency sound
speed) is rather unusual. It initially increases as the tem-
perature decreases for concentrations higher than 15
mol %, which is normal in the sense that it is the same as
most pure liquids, but it decreases for concentrations

2. Depo1arized (VH) spectra

The depolarized Brillouin spectrum of LiC1 aqueous
solutions of various concentrations at temperatures above
273 K was studied in Ref. 58, where a weak Lorentzian
central mode was observed and attributed to the reorien-
tational relaxation of the water molecules in the solution.
We extended the study down to liquid-nitrogen tempera-
ture. Figure 6 shows the VH spectrum of a 30-mol%
solution at 0=90' as a function of temperature. From
bottom to top, the temperature increases from 78 to 220
K. A well-defined transverse mode can be seen at low
temperatures. With increasing temperature, the frequen-
cy and intensity of the transverse mode decrease, and the
inewidth (damping) increases quite rapidly In add. ition,

a central mode appears and increases in width, and finally
overwhelms the transverse mode at T—=210 K. Th'is re-
sult is similar to the transverse mode in [60%
IC NO3 —40% Ca(NO3)2] (Refs. 19 and 22) and salol (Refs.
12 and 13) observed by Brillouin scattering. A remark-
able result is that the transverse mode remains under-
damped well above T . Since the mode is very weak, ac-

an intensity arecurate measurements of line width d t
difTicult in this system; but the transverse sound speed
was extracted from the frequency shifts and the resulting
shear modulus for the 15% and 30% solutions are plot-
ted in Fig. 7. We can see that both sound speeds change
shar 1 at T whi &p y g

'ch may indicate a common origin for
the change of LA and TA modes at T .

The transverse sound speed in LiC1 solutions between
14 and 17 mol%%uo has also been measured by the ultrason-
ic technique, and C was interpolated from the data at
low temperature. Although the temperature-dependent
result found in that experiment is generally the same as
ours, the values determined at low temperatures are
much lower than those found from our Brillouin data.
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FIG. 4. The longitudinal sound speed (a) and the attenuation (b) found from Brillouin shifts and linewidths plotted against temper-
ature. A, 0, Q, ~, and + represent the data of 36-, 30-, 15-, 10-, and 5-mol% solutions. The dashed line in (a) is the result for pure
water taken from Ref. 62.
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V. ANALYSIS OF POLARIZED BRILLOUIN SPECTRA

A. Generalized hydrodynamics

We first analyzed our (VV) Brillouin data by fitting the 1024-point digital spectra to the generalized hydrodynamic
result in the long-wavelength limit of Eq. (2.9). In performing the analysis, it is convenient to use the equivalent expres-
sion

I (co)= Im co —co —icoyo —6Io
6) 1 l C07

Io[yo+6 r/(I+~ r )]
[co —coo —b, co r /(1+co r )] +[co[go+6 r/(I+co r )]]
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Brillouin peak is cop co&

Since the spectra at temperatures below 200 K (where
coor &) 1) show no relaxation effects, we analyzed the
135-K data as simple Lorentzians to find low-
temperature limiting values of co and yp. The resulting
value of yp=1. 9X10 rad/s was assumed to be tempera-
ture independent. In each fit, k was computed using our
room-temperature measurements of the refractive index
combined with

(dn /dT) = —l. 36 X 10 /K

—6 —3

B r i I I ouin Shi f t ( 6H z )

FIG. 6. VH spectrum of the 30-mol% LiCl solution at
0=90' at 205, 195, 185, 175, 165, 140, and 78 K.

reported by Hsich et al.
Spectra were fitted to Eq. (5.1) on the Science Division

Vax 11/780 using the Port Library NLLSQ nonlinear
least-squares fitting routine. The instrumental response
was included by convoluting the computed theoretical
spectrum with the strong elastic peak. In each fit Mp

and ~ were treated as free fitting parameters along with
the normalization constant Ip and an arbitrary flat back-
ground. These five-parameter fits generally resulted in g
valus of less than 2. The results of the fitting procedure
for the 15% solutions at 0=90' are shown by the solid
lines in Fig. 3.

We similarly analyzed 0=90' data for a 30% solution
at T=250 K. The resulting values of cop, 6, and ~ were
then used to compute a theoretical spectrum for
0=24. 5'. The results, shown in Fig. 8, along with the ex-
perimental data indicate that the model works extremely
well.

where cop=Cpk is the angular frequency of the Brillouin
peak in the low-frequency limit (coot «1), go=+ok' is
the background Brillouin linewidth in the high-frequency
limit (coo~&)1), and 6 =d&, k is the strength of the re-
laxing part of the longitudinal viscosity. Note that, if
cop~&&1, the Brillouin peak shifts from cop Cpk to

while if cops&(1, the Brillouin linewidth increases from

yp to yp+6 ~. In general, the angular frequency of the

4.5
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& o— l8
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FICz. 7. The shear modulus of the TA mode of 15- (A) and
30- ( ) mol% LiCl solutions vs temperature.

FIG. 8. Brillouin spectra of the 30% solution at 0=24. 5

(top) and 90 (bottom) at T=250 K. The circles are the experi-
mental spectra and the solid lines are the calculated spectra.
(Only —,

' of the data points are shown for clarity. )
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The numerical results of the fits for the 15%%uo solution
shown in Fig. 3 are tabulated in Table II, along with the
longitudinal sound speeds Co and C deduced from the
fits. Note that the resulting background kinematic longi-
tudinal viscosity NO=3 X 10 S is close to the ordinary
kinematic viscosity of slightly supercooled water, while
the relaxing component N&~&, which is comparable to No
at 285 K, increased nearly 2 orders of magnitude when T
was decreased to 200 K.

We calculated Co and C for all the samples studied
from the fitted coo and 6 values, and plotted them as func-
tions of temperature in Fig. 9. Above T, the liquid-glass
transition temperature determined from heat-capacity
measurements, " ' C is a linear function of temperature
with a negative slope at each concentration. Below about
200 K, the position of the Brillouin peak is virtually the
same as C k, which means that the relaxation time be-
comes too long to inhuence the acoustic mode at GHz
frequencies. As shown in Fig. 4(a), the speed of the
high-frequency LA mode C has an anomalous change
of slope at T . This behavior is not understandable in
terms of the relaxation model, and we leave the discus-
sion of the origin of this change to Sec. VII. Co is also
essentially a linear function of temperature for each con-
centration, but with a positive slope.

So far we have considered on1y the single-relaxation-
time approximation in discussing our data. This approxi-
mation can be generalized either by replacing (1—icos)
in Eq. (5.1) by an empirical function such as the Cole-
Davidson function (1 —icos) ~, or by replacing the ex-
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ponential form for the viscosity memory function
@I(t)~e '~'by the Kohlrausch-Williams-Watts (KKW)

—(t/~)~or stretched exponential) form e "~' . (The connection
between these two generalizations and their applications
to the glass transition in glycerol has been discussed re-
cently by Ngai and Rendell. )

We tried fitting our data to Eq. (5.1) with the Cole-
Davidson distribution. However, we obtained little im-
provement when the extra parameter P was used, and we
found a strong correlation between P and the coupling
constant A. The strong correlation cannot be removed
even if spectra at different scattering angles are fitted
simultaneously. Therefore, it is difficult to determine
from Brillouin data alone whether the relaxation process
has a distribution of relaxation times or not. One reason
for this difficulty is the following. In principle, to tell if
the relaxation mode has a single relaxation time, the most
straightforward approach is to see if the central mode
spectrum has a Lorentzian form when it is decoupled
from the LA mode (co& ))1/r) which can be carried out
with correlation spectroscopy. Unfortunately, in
Brillouin-scattering experiments, the relatively intense
Rayleigh scattering blocks a significant part of the central
mode when this condition is fulfilled. Therefore, the re-
laxation times found from our data analysis should be re-
garded as average relaxation times.

The temperature-dependent relaxation times found
from our data analysis for different LiC1 concentrations
are plotted logarithmically against the inverse tempera-
ture in Fig. 10. The plots are essentially linear, indicating
that r(T) obeys the Arrhenius relation approximately.
However, for some concentrations, especially 30 and
36% for which more data points were taken at lower
temperatures, we do begin to see a departure from the
Arrhenius behavior. This is not surprising if one consid-
ers that, according to Angell's classification, the LiC1
solution is a fragile liquid, and conductivity relaxa-
tion and viscosity data show clear non-Arrhenius
behavior at low temperatures. Such behavior is usually
described by the Vogel-Tammann-Fulcher equation

10.00

—10.30—

—10.60

O
—10.90

O

—11.20

-11.50

-11.80 I, I ~ I, I I

8. 50 3.00 3.50 4. 00 4. 50 5.00 5. 50

I/T (10 K )

therefore, our results may suggest that the average num-
ber of hydrogen bonds increases from about 1 at 36
mol%%uo to 3 at 5 mol%. The value of 6 Kcal/mol at 5
mol% is consistent with 7 Kcal/mol for pure water
found from the dielectric-constant measurements, but is
in sharp contrast to the value of 20 Kcal/mol estimated
in Ref. 62 from Brillouin scattering in supercooled water.
At room temperature, the relaxation is slower for
higher-concentration samples.

FIG. 10. Arrhenius plots of loglo~ vs (1/T) for 36- (L), 30-
(+) mol%%u LICl so

solid lines are fitted results using the Arrhenius relation.

TABLE III. Activation energies (E) vs concentration (C)
from the Arrhenius plots of Fig. 10.

C (mol%%uo)

E (kcal/m)
5

5.8
10
4.2

12
4.3

15
3.3

30
2.5

36
2.3

Bv= woexp
To

Attempts to fit our data to this equation were unsuccsss-
ful because the quality of the data was not sufficiently
good; the values found for the three parameters 7o To,
and B were highly correlated and gave equally good fits
over unacceptably wide ranges. We therefore limited our
analysis to the simple Arrhenius relaxation ( To =0).

We extracted the activation energy from the slopes of
the straight lines in Fig. 10 and listed them in Table III.
The activation energy increases from 2 Kcal/mol at 36
mol%%uo to 6 Kcal/mol at 5 mol%%uo. We note that the ener-

gy for breaking a hydrogen bond is about 2 Kcal/mol;

B. Mode coupling

In Sec. III we showed how an approximate form of the
mode-coupling theory can be exploited to predict the
spectrum S(k, co) in the small-k regime appropriate to
Brillouin-scattering experiments. The results of that cal-
culation were shown in Fig. 2. We have not attempted a
quantitative fit of our data to the mode-coupling predic-
tions, but have compared the experimental and theoreti-
cal results for the Brillouin shifts and linewidths.

In Fig. 11 we show the experimentally determined Bril-
louin shifts for the 15% solution at 0=90' by the small
triangles. The predictions of the mode-coupling calcula-
tions, with no adjustment, are shown by the Q symbols.
Since this result produces negligible temperature depen-
dence, we arbitrarily increased the coupling strength A, in
Eq. (3.6) by a factor of 7 to obtain a result qualitatively
similar to the experimental values as shown by the
squares in Fig. 11(a). The corresponding Brillouin
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linewidths are shown in Fig. 11(b). Again, the mode-
coupling theory without adjustment produces clearly
insufticient broadening. Increasing A, by a factor of 7 re-
sults in predictions which are qualitatively similar to the
experimental values, but quantitatively are clearly
different. In particular, note that the predicted linewidth
decreases rather slowly as the glass transition is ap-
proached, while the experimental linewidth decreases
very rapidly. We will discuss this difference further in
Sec. VII.

VI. DEPOLARIZED SCATTERING

The transverse part of the linearized Navier-Stokes
equation for a simple Auid is solved by a transverse veloc-
ity correlation function [Boon and Yip, Eq. (6.2.5)]

vk
JT(k, co) =2uo

co +(vk )
(6.1)

where v=g, /po is the kinematic shear viscosity.
The two orthogonal nonpropagating transverse hydro-

dynamic modes (viscous shear modes) described by Eq.
(6.1) are decoupled from the other degrees of freedom
and the refractive index unless a temperature gradient is

FIG. 11. The mode-coupling predicton for the Brillouin shift
(a) and Brillouin linewidth (b) with no adjustment (Q) and with
the coupling constant A. multiplied by 7 (0 or ~) compared with
the experimental results (A).

2

ST = — JT(k, co),k
CO

so that the depolarized scattered spectrum IvH (~) is

given by

Iop(~)
IvH(co) = JT(k, co) .

CO

As shown by Boon and Yip, the transverse current
correlation function [Eq. (6.1)] can be generalized for re-
laxing fiuids by replacing v by a memory function KT(t)
The value of this function at time t =0 is
KT(t =0)=p /p, where p is the high-frequency shear
modulus, while lim„~T(co) =v, the kinematic shear
viscosity. In the single-exponential approximation

(6.2)

rC, (t)=+,exp( t ir,)—
(Maxwell viscoelasticity), Eq. (6.2) for IvH(co) becomes

present, and therefore do not scatter light. If the liquid
consists of optically anisotropic molecules, however,
orientational fluctuations will couple to the transverse
shear modes and can produce a depolarized quasielastic
spectrum with a dip at co=0 due to interference effects.
This effect was investigated experimentally, e.g. , by Stege-
man, Stoicheff and Enright; the theory has been re-
viewed by Berne and Pecora.

In solids, transverse displacements associated with
propagating transverse acoustic modes can scatter light
even in isotropic materials, since the photoelastic (Pock-
els) effect allows coupling of shear strain to the refractive
index in all crystal classes. ' Light scattering from fully
resolved transverse acoustic modes in silica glass, for ex-
ample, can be easily observed in Brillouin scattering.

Well-resolved transverse modes, such as those shown
in Fig. 6, have been observed in the depolarized Brillouin
spectra of numerous undercooled liquids, near the glass
transition, including salol, ' ' triphenylphos-
phite, ' ZnC12, B203, ' ' and [60% KNO3 —40%
Ca(NO3)2]. ' ' ' In most cases, the transverse acoustic
modes which are sharp near T, broaden and move grad-
ually towards lower frequency as T increases, and are
eventually "engulfed" by the central component. Since
we are interested in the oscillatory transverse shear
modes at low temperatures and not in the detailed form
of the spectrum near co=0, we will not consider the role
of molecular anisotropy, but will rather utilize a simple
version of the viscoelastic theory proposed by
Rytov. ' ' Wang and Zhang' have analyzed VH po-
larized Brillouin spectra of salol using a version of the
Rytov theory in which optical coupling occurs through
the anisotropic polarizability of the molecules, and also
included viscoelastic behavior in the shear viscosity, We
do not distinguish between optical coupling via molecular
reorientation or via local structural deformation, but sim-
ply assume that the off-diagonal components of the
dielectric tensor couple to the local shear strain via a
frequency-dependent Pockel's coefficient p(co) which (as
assumed by Rytov) has the same relaxation time as the
shear viscosity. By analogy with the dynamic structure
factor S ( k, co ), we define the shear strain correlation
function
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Ipp(co)KprT/(1+co rr)
IVH(~)

[pi —k Kpcp rT/(1+ pi rr )) + [rpk KprT/(1+co rT))
(6.3)

Note that Eq. (6.3) is similar to Eq. (2.9), except that the
Cpk = cop term is missing, and rT is the transverse (as op-2 2= 2

posed to longitudinal) relaxation time. As shown by
Boon and Yip, Eq. (6.3) will exhibit propagating modes if
k Kp ) 1 /(27 T ) ~ As rT ~~, Eq. (6.3) predicts sharp
Brillouin components at cur =+k(Kp)'~, in agreement
with the usual result for solids

=+k(p„/p )' ' .

We evaluated Eq. (6.3) using a relaxing photoelastic
constant

p(~) = ( p~rT )'/[1+ (cur T )']

and setting k Kp =(50 X 10 ) which fixes the low-T Bril-
louin peaks at —8 GHz. (Propagating modes are then
expected for rr) 10 " s.) rT was then varied from
1.0 X 10 to 5 X 10 ' s producing the series of theoreti-
cal spectra shown in Fig. 12. These spectra are qualita-
tively similar to the experimental results, except that the
position of the Brillouin peak changes very little with
temperature. In order to match the experimental results,
the intrinsic temperature dependence of Ko should also
be included. Given the low signal-to-noise ratio of our

data, we have not attempted a quantitative fit. However,
the crossover from propagating to nonpropagating be-
havior at -200 K implies that, at 200 K, ~T-1X 10
s, while extrapolating from Fig. 10, we find that, at 200
K, the longitudinal relaxation time for the 30%%uo solution
is -2X10 ' s.

VII. DISCUSSION AND CONCI. USIONS

A. Generalized hydrodynamics

We have shown that the VV-polarized Brillouin spec-
tra can be accurately fit by the dynamic structure factor
S(K,pi) predicted by generalized hydrodynamics, classi-
cal viscoelasticity, or the Mountain theory (all being
equivalent in the long-wavelength intermediate-frequency
regime studied in Brillouin scattering). The
concentration- and temperature-dependent longitudinal
relaxation time rI ( T) found from single-exponential-
relaxation analysis obeys the Arrhenius law over a wide
range of temperatures and concentrations. VH spectra,
although of insufficient quality for an equivalent quantita-
tive analysis, also agreed with the predictions of viscoe-
lastic theory qualitatively, although the transverse-
relaxation time ~T appears to be somewhat shorter than
+it '

Although structural relaxation times have been mea-
sured in many systems by Brillouin and ultrasonic experi-
ments, their microscopic origins are generally not clear.
To get some insight into the mechanism of the structural
relaxation found from our Brillouin data, we also com-
pared the results for &I with the relaxation times mea-
sured by other techniques in similar frequency and tem-
perature ranges.

The reorientational relaxation time of water molecules
in LiC1 solutions has been determined from depolarized
light-scattering spectra. Though at room temperature
the relaxation time is of the same order of magnitude as
the structural relaxation time, and both follow the Ar-
rhenius relation in the measured temperature ranges, the
activation energies are about twice as large for reorienta-
tion as for structural relaxation. So we rule out the possi-
bility that the structural relaxation is simply due to the
reorientation of the water molecules in the solution.

B. Mode-coupling theory

I.O
I

Brillouin Shift (6Hz)

FIG. 12. Theoretical VH Brillouin spectra predicted by Eq.
(6.3) for values of ~T between 0.005 and 1.0X 10 s.

Our mode-coupling analysis has shown that the quali-
tative aspects of the changes in the Brillouin spectrum
can be explained by this theory, but the quantitative pre-
dictions of the mode-coupling theory are disappointing.
First, the predicted dispersion and broadening effects are
too small, unless the coupling constant is arbitrarily in-
creased by about seven times. Second, the excess
broadening near co~=1 decreases much more dramatical-
ly as T is further decreased in the experimental data than
in the theoretical predictions. We attribute this second
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problem to the fact that, in the mode-coupling theory,
even though the slow-relaxation process narrows to a 6
function at T, there is still a large fast-relaxation process
with 50% of the total damping strength, which continues
to produce excess broadening of the Brillouin peaks even
below T . Neutron spin-echo studies of [60%
KNO3 —40% Ca(NO3)~] (Ref. 25) and polybutadiene
indicate that the slow-relaxing component accounts for
-90% of the relaxation near T rather than 50%. Of
course, our calculation employed a very simplified ver-
sion of the mode-coupling theory in which only modes
with ~k~ =ko were included in the integrals. However,
Bengtzelius et al. showed that this approximation has
negligible eftect on the coupling strength, and Kirkpa-
trick has shown that, in the calculation of g, and D, in-
clusion of the full range of k values leads to only minor
changes of —10%. Other possible sources of disagree-
ment are the use of the hard-sphere model, or that only
the leading two-mode term in the theory has been includ-
ed, while higher-order processes may become important
near T .

C. Nature of the glass transition

Our Brillouin-scattering results show that the
temperature-dependent sound speeds of the LA mode
[Fig. 4(b)] and TA mode (Fig. 7) both exhibit a discon-
tinuous change of slope at T, where T =145 K for the
15% solution is the transition temperature determined by
Angell et al. from heat-capacity measurements. Since
our average cooling rate was —1 K/min, which is close
to the cooling rate used in the heat-capacity measure-
ments, the same value of T should apply. We note that
similar slope changes were observed in Brillouin-
scattering studies of ZnC12, ' [60%KNO3 —40%
Ca(NO3)z] (Refs. 19 and 23) and Bz03, ' but this result
has not been discussed previously.

Such behavior is clearly not expected within the frame-
work of any kinetic theory of the glass transition since
the co~= 1 crossover for the high-frequency Brillouin
modes occurs far above T . We note that, in the version
of the mode-coupling theory by Leutheuser, the LA and
TA sound speeds near T are given by (1+4Af )'~ and
(kf )', respectively, where f=

—,'(I+&I —I/A. ) and A,

is the coupling constant [see Eq. (3.7)], which is related to

the static structure factor, and is expected to increase as
temperature decreases. Thus, the speeds of both LA and
TA modes are expected to increase as temperature de-
creases in the liquid phase, as observed. Below T, where
A, is a weak function of temperature, the sound speeds
would be relatively constant. However, this theory
agrees with computer simulations only for q, ~ 100
poise, and therefore may not be applicable to the region
around Tg.

The slope change seen in the sound speeds at T might
be a result of a structure change at T signaling a true
thermodynamic phase transition to a glassy state funda-
mentally distinct from the undercooled liquid above T .
In fact, Wendt and Abraham' found a change for the ra-
tio of the maximum and minimum of S(k) at the glass
transition. A possible explanation is provided by the rigi-
dity percolation theory. For network glasses, a large in-
crease in the elastic constants as a result of increasing the
bond coordination number at a percolation threshold was
predicted by He and Thorpe and confirmed experimen-
tally by Halfpap and Lindsay. A free-volume model
combined with the idea of percolation, developed by
Cohen and Grest, describes the change of viscosity as
well as the thermodynamic quantities, specific heat, and
thermal expansion successfully. According to this
theory, a glass-forming system consists of solidlike and
liquidlike cells. As the temperature increases, the frac-
tion of liquidlike cells p increases. When p is larger than
a percolation threshold p, there is an infinite, connected,
liquidlike cluster and the material is in the liquid state;
when p is less than p„ it is in the glass state. Using this
picture, one might expect that the contribution to the
speed of sound waves from the solidlike clusters would be
larger than that of liquidlike clusters, and would decrease
as p increases.
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