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Time-Resolved Spectroscopy and Scaling Behavior in LiCl/H,0 near the Liquid-Glass Transition
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Time-domain light scattering experiments on ps-us time scales have been conducted on a concentrat-
ed aqueous LiCl solution. Analysis of mechanical and electrical modulus spectra confirms some results
of mode-coupling theory: simple scaling for a peaks and property-independent power laws. This is made
without any assumptions about the data which are not derived from theory. A new characteristic time
scale, reflecting the short- and intermediate-range ordering dynamics, is also observed.

PACS numbers: 64.70.Pf, 65.70.+y, 78.47.+p

During the past decade the study of the liquid-glass
transition has taken a new impetus, sparked by the emer-
gence of new theoretical and experimental approaches
[1]. Of great interest is the mode-coupling theory
(MCT) [2-5] which has generated a new way of thinking
about this difficult problem. Traditionally, the emphasis
in the analysis of susceptibility data has been on the
different relaxation peaks. MCT shifts the focus to the
wings and to the minimum between the a and f relaxa-
tions, for which it makes quantitative predictions. Their
experimental verification requires measurements over
many decades in time scale. Large bandwidth electrical
susceptibility measurements have been possible for de-
cades, but mechanical measurements in the MHz-GHz
range (relevant to MCT) have been difficult. We present
here impulsive stimulated light scattering (ISS) data
from an aqueous LiCl solution, as well as a novel analysis
of mechanical and electrical susceptibility data for super-
cooled liquids.

Descriptions of the theoretical underpinnings of the
ISS technique and its experimental implementations are
given elsewhere [6,7]. Briefly, two A, =1064 nm, 100 ps,
parallel polarized laser pulses crossed at an angle 6 were
used for transient grating excitation of both longitudinal
acoustic waves and the thermal diffusion mode at the
grating wave vector g =(4x/A;)sin(8g/2). The time-
dependent diffraction of a variably delayed 532-nm probe
pulse was then measured. We used seven scattering an-
gles between 1° and 60°, yielding acoustic wavelengths of
62.8, 30.8, 14.1, 7.53, 3.96, 1.94, and 1.07 ym and fre-
quencies from 25 MHz to 4 GHz. The electrolyte
LiClI/H,O 13 mol% was studied for 70 <7 < 300 K.
This concentration is situated between the equilibrium
(12.5 mol%) and the lower nonequilibrium (14.5 mol%)
eutectic concentrations [8]. The calorimetric glass transi-
tion temperature is T, =135 K.

Typical ISS data are displayed in Fig. 1. All exhibit
damped acoustic oscillations (the transient response to
sudden heating) and a steady-state density modulation
(caused by thermal expansion at grating maxima and
compression at nulls) which decays due to thermal
diffusion. The trends in acoustic frequency and attenua-
tion rate are as expected and observed in other glass-
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forming materials [9]. Between 165 and 200 K the
steady-state response shows additional temporal features.
There is a gradual rise in signal, which can be thought of
as time-dependent thermal expansion and which reflects
slow components of structural relaxation in the viscoelas-
tic fluid (observed much more dramatically in several
other materials [9]). After this rise is a decay on a time
scale much faster than thermal diffusion, which has not
been observed in other materials or other concentrations
of LiCl/H,0. Data at all temperatures in this interval fit
the functional form

1) ~{dle ™ —e T cos(wqt)1+Ble T —e T2,
)

with I'y the grating decay rate due to thermal diffusion,
and I'4y and w4 the acoustic attenuation rate and frequen-
cy, respectively. I'y and I'; are parameters for an over-
damped oscillator model which gives a good description
of the gradual rise and decay in signal. The unusual be-
havior occurs at all scattering angles and its characteris-
tic time scale is wave-vector independent. We believe
that it reflects the dynamics of short-range ordering in
the liquid. Its absence in other concentrations of
LiCl/H,0 suggests that it may be related to specific coor-
dination geometries of H,O around Li. A recent solution
of the dispersion equation for a mode-coupling model
describing supercooled liquids [10] may provide addition-
al insights: Besides modes predicted by linearized hydro-
dynamics [11], there appears a wave-vector-independent
relaxational mode. Values of I';”! and I'; ! will be re-
ported subsequently; both increase from ~1 ns to ~1 us
and the temperature is reduced from 200 to 165 K. Typi-
cal thermal diffusivity values (k7 =Ty/g?2) are 1.7x10 7
m/s? for 150 < T < 300 K, increasing to 4.0x10 7 m/s?
at 100 K. For T <165 K and T > 200 K the diffracted
signal is well described by a functional form without the
overdamped oscillator in Eq. (1). Our analysis makes use
of the acoustic parameters, which determine the complex
compressibility modulus M (o).

Figure 2 shows the imaginary part of the mechanical
modulus, given by

M"(0)=(p/q?)QwaT 4) , )



VOLUME 69, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JuLy 1992

” 241 K
200 K
b v\v""w Mam B e —o v - Vo
D
c
2
=
? 192K
D
R
Q
7]
M K 177 K
0 1 2 3 4 |
Time (pus)
I L I LN
0 25 50 75 100
Time (ns)

FIG. 1. ISS data scans for LiCl/H;0 13 mol% for an excita-
tion angle 0 =8.10°. The sweeps illustrate all temporal
features: damped acoustic oscillations at short times, time-
dependent thermal expansion at intermediate times, time-
dependent contraction at somewhat longer times, and thermal
diffusion at the longest times.

as a function of frequency at various temperatures (p is
the mass density). The maximum of M"(w) is within our
experimental frequency window at 190-200 K. At higher
(lower) temperatures, the maximum is beyond the high-
(low-) frequency end of our dynamic range and we ob-
serve the low- (high-) frequency side of the a peak. At
temperatures below 175 K a minimum and a second peak
(at about 10 GHz) become apparent. At the lowest fre-
quencies (w<0.3 GHz) and highest temperatures
(T > 250 K) the acoustic attenuation rates are very low
and systematic errors are difficult to avoid [6]. The ap-
parent rise in M" at the lowest frequencies and highest
temperatures hence cannot be considered reliable.

MCT describes both the slow a relaxation and the fas-
ter B relaxation. The main theoretical effort so far con-
sists in the solution of a nonlinear integro-differential

Log [M"/p (km/s)?]
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Imaginary part of the complex compressibility
modulus divided by the density M"(w)/p, for LiCI/H,O 13

mol%. The modulus values above =20 GHz, at 233, 253,
273, and 293 K, were obtained through Brillouin scattering [12]
in a 12.5 mol% LiCl/H;O solution. All the values for 223, 243,
and 253 K as well as part of the values at 293 K were deter-
mined from ultrasonic and Brillouin scattering experiments in a
12.2 mol % LiCl/HO solution [13].

equation for the density-density correlation function. The
solution is extremely difficult and has been found both
analytically and numerically in various approximations
[2-5]. Factorization of wave-vector and time depen-
dences in a correlation function F4p is a key ansatz of
MCT:

FAB(q,t)=j§g+hAg(q)9(t), 3)

with f4p a nonergodicity parameter, h4p(q) a critical
amplitude, and €(¢) a scaling function. Since §(¢) does
not depend on observables 4 or B, different measure-
ments should yield the same functional form. This means
that various susceptibilities y(w)~w9(w) must have
identical frequency dependences.

Fourier transformation of the solution shows that
2" (@) has two peaks (centered on w, and wp, W, < wp).
The high- (0, < @) and low- (@ < wp) frequency asymp-
totic solutions in the supercooled liquid (for the a and B
peaks, respectively) obey the following power laws:

7' (w)~o b 0. 4)

The exponents a and b are determined from the so-called
exponent parameter A:
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where I' in Eq. (5) is the gamma function. MCT also
predicts ¥"(0 < w,) ~©'? on the low-frequency side of
the a peak [5] and a scaling law for the value of the sus-
ceptibility minimum which occurs at some frequency w*
between the a and B peaks:

1 (0*)~|T =T " (6)

A

T, is a crossover temperature at which the amplitude ra-
tio of the B peak to the a peak has a maximum. Rela-
tions (4)-(6) are testable through measurements of sus-
ceptibilities as a function of frequency and temperature.

We use complex compressibility modulus data, deter-
mined from ISS, Brillouin scattering [12,13], and ul-
trasonics [13], as well as electrical modulus data [14] to
test these results. Our analysis involves no empirical re-
laxation functional forms, extrapolations to determine the
low-frequency Mo(T) and high-frequency M »(T) limit-
ing values of the moduli, or interpolations between values
of M(w) determined at widely different frequencies (to
connect gaps of one or more decades in w). We use a
log-log representation for M"(w) so that power-law be-
havior yields straight lines and the multiplicative factor
needed to superimpose dielectric and mechanical modulus
values (which have different units) becomes an additive
constant accounted for by a mere vertical shift. To com-
pare electrical and mechanical moduli, we normalize the
master plots such that wpeask =1 and M"(@peak) =1. All
the points from Fig. 2 (except those from the lowest five
temperatures, at which the frequency-dependent data
contain only one point in the a relaxation region) are in-
cluded in the a relaxation scaling plot of Fig. 3.

Figure 3 shows the rescaled longitudinal elastic
modulus spectrum in the low-frequency relaxation region
(a peak), obtained by shifting the separate plots for
150 < T <293 K (displayed in Fig. 2) parallel to the
abscissa and normalized as described above. The
differences in heights between the ultrasonic (at 223 and
243 K) and the ISS scaled a relaxation peaks is due to
the strong variations with concentration in the acoustic
attenuation and speed of sound at these temperatures
[15,16]. Plotted on the same graph are data for the
imaginary part of the electrical modulus in the tempera-
ture interval 143-167 K [14], similarly rescaled and ad-
justed vertically to overlap with the mechanical modulus
data. The high-frequency wing follows a power law
(M" ~ o ~%) with values of the exponent bmech =0.28 and
be=0.26 in excellent agreement. For b =0.28, Eq. (5)
yields A =0.91 which indicates a strong coupling between
charge and mass fluctuations [3]. At the highest frequen-
cies and lowest temperatures deviations from the simple
scaling are apparent. Figure 2 indicates for each temper-
ature below approximately 170 K a clear change in the
frequency dependence of M". At these low temperatures
the B relaxation may be approaching our experimentally
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FIG. 3. Master plot for the imaginary part of the compressi-
bility modulus in LiCl/H20 13 mol%. The symbols are identi-
cal with those in Fig. 2. Also shown (x symbols) are electrical
modulus values for LiCl/H20 12.95 mol% [14]. Power-law be-
havior obtains on both sides of the a peak. The moduli show
identical scaling behavior, as predicted.

accessible frequency range. Figure 2 also shows a
“spike” at about 10 GHz for low temperatures (7" < 175
K), whose origin is uncertain and which we are investi-
gating further in our laboratory. Independent of this nar-
row feature, however, the end of the high-frequency wing
of the a relaxation peak appears to have been reached in
the low-temperature data. Finally, the low-frequency
side of the a peak also appears to follow a power law
(M"~w*) with exponents Xmech =0.89 and x¢=0.97, in
agreement with uncertainties and close to the MCT pre-
diction of 1.00.

From the scaling procedure we obtain characteristic re-
laxation times 7(T), displayed in Fig. 4. Their relative
values are determined by the extent of the translation
along the abscissa. The absolute time scale is set by the
peak frequency w, =2n/7 at a temperature for which the
maximum in M"(w) is the center of the experimentally
available frequency window (w, =2.10 GHz at 195 K for
M., ®, =785 kHz at 155 K for M,"). A common fit by
the Vogel-Tammann-Fulcher form t=rtexplB/(T—
To)] yields parameters B=1482 K, To=99 K, and 7,
=46 fs.

In summary, ISS experiments combined with Brillouin
scattering and ultrasonics data have permitted the deter-
mination of the complex compressibility modulus in a
concentrated LiCl/H,O solution over a frequency range
of 2-3 decades in the MHz-GHz region. A new charac-
teristic time scale was observed in the ISS data, which
may reflect relaxation dynamics of the local structure in
the supercooled liquid. The predictions of simple scaling
and identical power laws for different susceptibilities in
the a peak region were confirmed by mechanical and
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FIG. 4. Characteristic relaxation times 7(7) determined
through the scaling procedure for the mechanical and electrical
moduli, together with a common Vogel-Tammann-Fulcher fit,
yielding parameters B=1482 K, To=99 K, and 79=4.6 fs.

electrical modulus data. MCT may not yet provide quan-
titatively correct predictions for all the features observed
in various materials, but it has nonetheless provided in-
cisive guidance by pointing to the types of scaling rela-
tions which should be sought. Our results can in turn
provide assistance for further refinements of the theory
describing the liquid-glass transition in more complicated
systems.
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