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Brillouin-scattering study of the liquid-glass transition in CaKNO3: Mode-coupling analysis
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Polarized and depolarized Brillouin scattering from 0.4 Ca(NO3)2-0. 6KNO3 was investigated in the
temperature range of 320 to 640 K using a six-pass Sandercock tandem Fabry-Perot interferometer. The
polarized spectra were analyzed with a simplified version of mode-coup1ing theory, in which the small-q
density fiuctuation modes probed by light scattering couple only to pairs of modes at qo corresponding to
the first peak in the structure factor S(q). The density correlation function $(tio, t) determined by neu-

tron spin-echo experiments by Mezei et al. was used as input in the analysis, producing excellent fits to
the experimental data. The depolarized spectra were analyzed with a phenomenological viscoelastic
model including NO3 orientational relaxation.

I. INTRODUCTION

The liquid-glass transition has been studied for many
years, but a complete theory of this phenomenon has yet
to be found. ' Recently, renewed interest in this prob-
lem has been stimulated by the mode-coupling theory
(MCT), which predicts an ergodic-to-nonergodic transi-
tion with increasing undercooling of a liquid. The
MCT transition, which in the simple version of the
theory is predicted to occur at a temperature T, some-
what above the experimental glass transition temperature
T, is a result of nonlinear interactions between density
fluctuation modes leading to an eventual dynamical insta-
bility and structural arrest. The simple MCT, which does
not include activated hopping processes, does not
correctly predict behavior of real materials very close to
Ts. (The predictions of the more sophisticated version
of the theory, which includes activated processes, have
not yet been determined. ) However, for temperatures
greater than —1.3T, it predicts temperature depen-
dences for various thermodynamic properties and trans-
port coefficients which are in good agreement with many
observations. ' ' Several experiments have been car-
ried out in recent years to test the predictions of MCT,
including the predicted scaling laws for structural relaxa-
tion dynamics.

One of the central predictions of MCT is a scaling law
for the a-relaxation process whose relaxation time ~
diverges at a temperature T, . According to this scaling
law (or time-temperature superposition principle) the
temperature dependence of structural dynamics in the su-
percooled liquid should only depend on temperature
through the time scale ~(T) so that data acquired at
different temperatures can be superimposed on a single
master plot. This prediction is consistent with the fre-
quently used approximation of a stretched-exponential
time decay function e " ' in which P is a temperature-
independent constant. The scaling law is asymptotically
valid for T~T,+, with additional small T dependence
possible far from T, .

In another recent approach to the glass transition,

Campbell et al. ' have suggested that structural dynam-
ics are associated with diffusion in the accessible volume
of configuration space. Far above the glass transition, the
accessible volume for n particles is a compact 3n-
dimensional hypercube and diffusional relaxation behaves
as e ' '. As the temperature decreases, the accessible
volume becomes successively more ramified, eventually
evolving into a single percolation cluster and then frag-
menting in the nonergodic phase into mutually inaccessi-
ble ramified clusters. As T approaches the percolation
threshold (which may correspond to the glass transition),
P should decrease, since diffusion at the percolation—

(, t l~)Ithreshold behaves as e "~' with P= —,'. This approach
therefore predicts a strongly temperature dependent P, in
disagreement with MCT.

Analysis of the temperature dependence of P therefore
constitutes a critical test of the MCT. However, as
Fuchs, Gotze, and Latz' have recently pointed out,
determination of P from the analysis of Brillouin scatter-
ing and ultrasonic data is frequently ambiguous. The
measured value of P can, for example, depend on the time
scale of the experimental technique. We will return to
this question in the discussion and conclusions section.

Brillouin scattering has been widely applied to the
study of the liquid-glass transition. In most cases, the
analysis has been limited to the temperature dependence
of the Brillouin shifts and linewidths interpreted by com-
parison with phenomenological viscoelastic theories. Re-
cently several Brillouin scattering experiments have been
reported in which the full spectrum was analyzed by
fitting to a theoretical prediction for I(co), thus providing
a much more thorough test of the viscoelastic theory.
These include a study of ZnC12 by Soltwisch, Suk-
manowski, and Quitmann, ' of propylene carbonate by
Borjessen, Elmroth, and Torell, ' and of LiC1-H20 by
Tao, Li, and Cummins. '

In our LiC1-H20 paper, ' we suggested that a
simplified version of the MCT approach could be used to
analyze the Brillouin scattering data. We carried out an
analysis based on the Percus-Yevick equation, which pro-
duced qualitatively reasonable results but could not pro-
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vide quantitative fits to the experimental data. The limit-
ed success of this analysis was most likely due either to
the use of a one-component theory to describe an electro-
lyte or to the simple hard-sphere approximation underly-
ing the Percus-Yevick equation.

In this communication, we report a new Brillouin
scattering study of the glass forming mixed salt system
0.4Ca(NO3)z-0. 6KNO3 (hereafter CKN; T —333 K,
TNI =438 K). In our simplified MCT analysis we utilized
the recent neutron-spin echo data of Mezei, Knaak, and
Farago' rather than a model calculation for the density
correlation function P(qo, t) T. he MCT analysis pro-
duced excellent agreement with our data, showing that in
the limited range of relaxation times probed by Brillouin
scattering (10 "&r & 10 sec) the simplified version of
MCT works very well.

CKN is in many ways ideally suited to studies of the
liquid-glass transition and has been the subject of many
previous investigations. (We will present a brief review of
previous work in Sec. VI.) It is easy to prepare, forms a
colorless transparent glass, and has a convenient glass
temperature. It lies close to the "fragile liquid" limit in
Angell's classification scheme, demonstrating the absence
of network structure. ' The molten salt contains three
ionic species; two of these, K+ and Ca + are simple ar-
gonlike ions. But the third, NO3, is optically anisotrop-
ic so that its orientational dynamics complicate the inter-
pretation of the Brillouin spectra, particularly the depo-
larized spectra, a point we will discuss in detail in Sec. V.

II. THEORY

A. Simple Suids

In a simple structureless fluid, the linearized hydro-
dynamic equations predict five modes for each (small)
wave vector q: two relaxing transverse velocity (or
viscous shear) modes, a narrow quasielastic thermal
diffusion mode, and two approximately Lorentzian longi-
tudinal acoustic modes centered at cop=Cpq, where Cp is
the adiabatic sound velocity (Co =v'M/p, where M is the
adiabatic compressional modulus and p is the density)
with half width = —,

' [(—', ri, +q}s )/p+ (A/p)(1/C„
—1/C~)], where ri, and its are the shear and bulk
viscosities, A is the thermal conductivity, and C„and C~
are the specific heat at constant volume and pressure, re-
spectively. '

In a Brillouin scattering experiment, the scattered
spectrum Iq(co) (with co measured relative to the incident
laser frequency) is proportional to the spectrum of the
density fluctuations (pq)„. Since in simple fluids trans-
verse velocity does not couple to the density, the viscous
shear modes do not appear in the spectrum. The remain-
ing three modes, which do couple to the density, produce
the familiar triplet observed in Brillouin scattering exper-
iments. The thermal diffusion mode occurs at frequencies
well below the lower resolution limit (-0.1 GHz) nor-
mally accessible to Brillouin scattering and is therefore
not resolved, although it can be studied by other tech-
niques such as correlation spectroscopy, ' forced Ray-
leigh scattering, or the closely related impulsive stimu-
lated Brillouin scattering. Consequently, only the

sound waves contribute to the Brillouin spectrum.
If we also ignore the contribution of thermal diffusion

to the acoustic mode damping, the equation of motion for
p appropriate for Brillouin scattering is

M 2 '9L. 2p+ q p+ q P=0

or

pq +Q)p pq +I p pq
—0 (2)

where gl =—', g, +gz is the longitudinal viscosity.
The spectrum Iq(co) can be found from Eq. (2}either by

evaluating the density correlation function
F(q, t)= &pq(0)pq(t)) =S(q)fq(t) [the Fourier trans-
form of F(q, t} is the dynamic structure factor S(q, co)],
or from the fluctuation-dissipation theorem

Ip
Iq(co) = Imp(co), (3)

Ip comit q /p

(co —Mq /p) +(coqiLq /p)
(4)

or, with the abbreviation of Eq. (2),

I(q, co}=
Ip

Im( co +coo —icoI 0)—

B. Viscoelastic theories

As a fluid is cooled below its (crystal} melting tempera-
ture T~, its viscosity increases rapidly and the thermo-
dynamic properties of the undercooled melt become fre-
quency dependent, signaling the increasingly long relaxa-
tion times associated with the evolving structural order.
The structural relaxation processes can be incorporated
phenomenologically into the hydrodynamic equations in
several equivalent ways.

The compressional modulus M in Eqs. (1) and (4) can
be generalized to a frequency-dependent form M(co)
=M'(co) —iM"(co) by introducing a stress memory func-
tion P~(t) so that Eq. (4) becomes

Iq(co) = Ip [M"(co)+coq}L ]q /p

[co —M'(co)q /p] +[(M"+coq}L )q /p]

(6)

(Note that if the viscous damping contribution is com-
bined with the imaginary part of the compressional
modulus [M"(co)+cortL —+M"(co)], then Eq. (6) is identi-
cal to the equation used by Fuchs, Gotze, and Latz' in
their reanalysis of ultrasonic and Brillouin scattering
studies of CKN. ) Rather than generalizing M, the longi-

where y(co) is the complex frequency-dependent suscepti-
bility.

Equations (1) and (3) yield, for the Brillouin spectrum

Ip 2 M 2 . 'QL, 2I (q, co)= Im —co + q i co —
q

CO p p
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tudinal viscosity gL can be generalized to gL(co) by intro-
ducing a viscosity memory function $„(t). In the sim-

plest single-relaxation-time approximation (Maxwell
viscoelasticity), P (t)=rio5(t}+gee ' 'and

QR
riL (co) =bio+ 1+iv~

where g0 is the frequency-independent component of
gL (co). Alternatively, the introduction of frequency-
dependent transport or response coefficients can be avoid-
ed by introducing another phenomenological degree (or
degrees) of freedom, which represents the "local structur-
al order, " and coupling it bilinearly to the density.

These approaches all lead to results that are formally
equivalent, and which can all be represented by

In their Brillouin scattering study of propylene car-
bonate, Borjesson, Elmroth, and Torell' used a theoreti-
cal formulation equivalent to Eqs. (8) and (12}and found
that PcD -0.4, nearly independent of temperature, corre-
sponding to P [in Eq. (11)] -0.5.

We also note that Eq. (10) can be used to describe the
collective excitations at q values beyond the range of va-
lidity of continuum hydrodynamics. ' The approach of
molecular hydrodynamics shows that this result still
holds, but at large q values co0 is not proportional to the
adiabatic sound speed Co. Rather, coo(q)=(quo) /S(q),
where U0 is a thermal velocity.

C. Mode-coupling theory

where

0 NI

[co —(co()+cor") ] +(col ')

I0I (co)= Im[coo —co —icor(co)]

(8)

The mode-coupling approach to the glass transition as
proposed by Bengtzelius, Gotze, and Sjolander in 1984,
begins with the expression for the complex reduced dy-
namic structure factor R (q, co)=S(q, co) /S (q) [where
S(q, co) is the Fourier transform of the density correlation
function F(q, t)]

I (co)= Im coo —co ico I—o+
~0

co 1 /N'7
(10)

r(~)=r'+tr"=r, +a' f "e'"'pr(t)dt
0

is a generalized damping or friction function. In Eq. (9),
ct)r(t} is the memory function for the damping.

In the single relaxation-time approximation,
ct)„(t)=e '~', Eq. (8) reduces to

R(q, co)=
co co02/—[co+i I (q, co) ]

(13)

[Note that the real part of R(q, co) in Eq. (13), which is
proportional to the scattered spectrum I (co), reduces to
Eq. (10) apart from a constant of proportionality. ] The
generalized damping function I (q, co) = I"(co)+iI"'(co) is
then separated into two parts:

or the closely related Cole-Davidson function for I (co):

~CD

r(~) =r,+a' 1

1 1607
(12)

Equation (10), which we used in analyzing our LiC1-

HzO Brillouin data, ' was also widely used in the 1970's
to analyze the central-peak spectra observed in neutron
or light scattering from crystals near structural phase
transitions.

Equation (8) can be easily generalized to more comp»-

cated memory functions such as the stretched-

exponential (Kohlrausch) function,

(t}—e (t/T)

«»= 0+rMc(q (14)

I (q, t)=(2n) fd q'V(q, q')P(q', t)P(~q —q'~, t), (15}

where the vertex (or coupling) constant V(q, q') is given

approx&mately by

where the "background damping" term I 0, which is pro-
portional to q, represents all high-frequency (nonrelax-
ing) processes. The mode-coupling term I'Mc(q, co) in-

cludes the damping processes resulting from nonlinear in-
teractions between density modes. Its Fourier transform,
I (q, t), is given in leading order (three-mode interactions
only) by

nk T
V(q, q') = (q.q')C(q') [(q q')C(q')+q. (q —q')C(q —q') ]S(q')S( ~q

—q'~ ) .
m

(16)

In Eq. (16), C(q) = [S(q)—1]/[nS(q)] and n is the num-
ber density. Thus, if S(q) is known for all q as a function
of T and n, S(q, co) can be determined self-consistently us-

ing Eqs. (13)—(16).
It has been argued that the most important contribu-

tion to I"(q, t) comes from coupling to pairs of modes
with q -q0, where q0 is the position of the first peak of

I (q, t)=Vop (qo, t), (17)

where

S(q}. ' If, as originally proposed by Bengtzelius, Gotze,
and Sjolander, one simplifies Eq. (15) by including only
modes with q =q0 in the integral, then
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Vp=q [A @PE(gp)I47T n]S(qp)[S(gp) 1], (18)

and A is the area under the first peak of S(q), above a
baseline of 1.

In our previous Brillouin scattering study of aqueous
LiC1 solutions, ' we used the Percus-Yevick equation to
compute Vp and S(qp) in Eq. (18}. We then solved Eqs.
(13), (14), and (17) self-consistently with q =qp to obtain

$(qp, t },which was used to predict R (q, co) for the small-q
mode probed by Brillouin scattering.

In the present study, we were able to avoid this hard-
sphere approximation completely, since Mezei, Knaak,
and Farago' have measured P(qp, t), for CKN in neutron
spin echo experiments. We were therefore able to use
their data in Eq. (17), and then evalute R (q, to) in Eq. (13)
directly, treating Vo and coo as adjustable parameters.

We note that the simplified mode coupling result given
by Eqs. (13), (14), and (17) is formally equivalent to the
phenomenological result of Eqs. (8) and (9), with 6 and

Pr(t) in Eq. (9) replaced by Vp and P (qp, t) in Eq. (17).
In fact, since the neutron data of Mezei, Knaak, and
Farago are well described by the stretched exponential
function P(qp, t)=ae " ', the mode coupling result is
actually identical to the viscoelastic results of Eqs. (8) and

(9) with P„(t)=a e " '. The essential difference is
that r and P, rather than being treated as phenomenologi-
cal free parameters of the viscoelastic memory function,
are physical microscopic coeScients in MCT, which can
be determined experimentally by neutron scattering.
Operationally, the number of free parameters is therefore
reduced by two.

III. EXPERIMENTS AND RESULTS

Samples were prepared from Ca(NO3)z 4H20 (Johnson
Mathey "puratronic" 99.995%) dehydrated by heating to
-200'C for several hours, to which the appropriate
amount of KNO3 (Aldrich Chemical 99.999%) was then
added to produce the 40—60 mo1% CKN mixture,
0.4Ca(NO3)2-0. 6KNO3. After removal of surface con-
tamination, the liquid samples were tranferred by pipette
to 1.5-cm-diam glass tubes and were degassed by heating
for 12—24 h in an oven at -300'C. The samples were
then removed from the oven and sealed with TeQon tape.
They were clear with very few visible air bubbles or dust
particles. No crystallization was observed even after long
periods at 130'C, where rapid crystallization was report-
ed previously, or after slow cooling to room tempera-
ture or lower.

The sample tube was mounted in a custom-made high
temperature optical access oven. The oven's thermocou-
ple was calibrated by installing a sample tube containing
parafBn oil and inserting a calibrated thermistor in the
oil. (The measured 5-K difference was subtracted from
the thermocouple temperature readings. )

Brillouin spectra were obtained with a Sandercock six-
pass tandem Fabry-Perot interferometer. The optical
layout and interferometer performance have been de-
scribed in detail previously. The incident light was the
single-mode 4880-A line from a Spectra Physics model
165 argon-ion laser with power at the sample of typically

o~
0 0

s$
0

I p I

8'e

8 o

J3
l
O

rid

C3

0

oo0

—15

0
oo

0 8s, g(.~ I9 ~
5 0 5 10 15

Brillouin Shift (GHz)

FIG. 1. Experimental polarized CKN 90' Brillouin spectra at
(top to bottom) 598, 528, 478, 448, 428, and 348 K. The circles
are the experimental data. Solid lines are the results of 6ts of
the middle four spectra to Eq. (19) with the parameters given in
Table I. (The vertical scales of successive spectra have been
shifted arbitrarily to improve visibility. )

70 m%. Spectra were recorded in a 1024-channel multi-
scaler, and typically consisted of 2000 scans of —,

' sec each.
Polarized (VV) Brillouin spectra at six temperatures

are shown by the dots in Fig. l. At T =598 K (the top
spectrum in Fig. 1) the spectrum exhibits two symmetri-
cally placed Brillouin components and an unresolved
Rayleigh line consisting of quasielastic scattering from
concentration and entropy fluctuations as well as parasi-
tic elastic scattering. As the sample is cooled (from top
to bottom in Fig. I), the frequency shift of the Brillouin
peaks increases, while the Brillouin linewidth increases,
reaches a maximum at -485 K, and then decreases. As-
sociated with the changes observed in the Brillouin
peaks, an additional central component appears and nar-
rows continuously as the temperature decreases, finally

disappearing into the unresolved Rayleigh line.
The depolarized ( VH) Brillouin spectra at 8=90' are

shown in Fig. 2 (538—478 K) and in Fig. 3 (438—328 K).
In Fig. 2, a central mode is clearly seen, which narrows as
the temperature decreases. This feature was also ob-
served by Grimsditch and co-workers ' who attributed
it to orientational dynamics of the NO3 ions. This as-
signment is consistent with our observations that its
width is identical in L9=90' and 180' spectra, and that its
intensity does not vanish at 0=180' so that it cannot be
due to the overdamped TA mode for which
IT„~cos (8/2).

At temperatures below -423 K, as shown in Fig. 3,
the depolarized spectra exhibit resolvable Brillouin peaks,
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FIG. 2. Depolarized (VH) high-temperature 90' Brillouin
spectra of CKN at (top to bottom) 538, 498, and 478 K. Solid
lines are fits to Eq. (21) with the parameters given in Table II.
(For clarity, only 8

of the data points are shown. The extra
features near 22 GHz are ghosts of the Rayleigh line).

Brillouin Shift (GHz)
FIG. 3. Depolarized ( VH) 90' Brillouin spectra of CKN at

(top to bottom) 438, 418, 408, 388, and 328 K showing the emer-
gence of the transverse-acoustic modes. Solid lines are fits to
the upper four spectra using the phenornenological model of
Eqs. (22) and (23) with the parameters given in Table III.

which sharpen and move towards higher frequency with
decreasing temperature. %e note that these TA modes
were not observed in the 8=180' spectra, as predicted by

the Ir„~cos (8/2) result.

IV. ANALYSIS OF POLARIZED BRILLOUIN SPEC:TRA

A set of 12 polarized 8=90' CKN Brillouin spectra at
temperatures from 428 to 538 K in 10-K steps, plus one

high-temperature (598-K) spectrum and one low-
temperature (348-K) spectrum were analyzed numerical-
ly. The relevant information for the 12 spectra is shown
in Table I. All spectra were collected with the same free
spectral range (15.79 GHz), with a frequency scale of
0.0356 GHz/channel.

The theoretical density fluctuation spectrum
[ReIR(co) ) in Eq. (13)] was computed with I (q, co) from
Eqs. (14) and (17). For P(qo, t) we used the neutron spin-

TABLE I. Parameters used in fits of polarized ( VV) CKN Brillouin spectra [Eq. (19)]. a, P, ~ are the stretched exponential i'(qo, t)
parameters from Ref. 10. I z is the rotational relaxation rate from Lorentzian fits to depolarized spectra. The coupling constant Vpy

computed from the Percus-Yevick equation with Eq. (18}is shown for comparison with the value resulting from the fit.

T (K)

P(ko, t) Mezei
7

(10 " sec}

Fit parameters
Rot. I ~ Np h 1 h2 Ibg ( Vo ( VPY)

(10 rad/sec) (10 rad/sec) (10 ) (10 ) (10 rad/sec) (10 rad/sec)

538
528
518
508
498
488
478
468
458
448
438
428

0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84

0.97

1.40
1.70
2.15
2.80
3.70
5.20
7.60

11.50
19.50
36.50

0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58

42.9
36.2
34.2
30.4
24. 1

19.5
15.0
12.4
10.3
6.60
4.81
3.80

49.2
50.1

50.3
51.4
52.1

52.9
53.8
54.9
54.2
54.5
54.2
54.4

8.6
7.7
7.7
9.4
8.8
8.7
7.9
6.4
7.8
7.2
8.4
8.2

0.20
0.17
0.26
0.36
0.43
0.56
0.66
0.67
0.88
1.1
1.6
1.3

17
23
17
17
26
28
31
28
37
36
47
46

66.0
65.1
62.7
62.9
61.0
59.5
58.1

56.9
55.9
58.4
57.5
60.8

16.4
16.8
16.9
17.3
17.5
17.9
18.2
18.6
18.4
18.5
19.1
18.9

1.27
1.12
1.40
1.53
1.49
1.49
1.62
1.58
1.63
1.34
2.06
2.06
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I(to) =h
& 2' [~'—(~,'+~r")]'+(~r')'

+h2 2 2 +Ibg ~

(to +rn )
where

(19)

r(~) =r'+fr"=r, + vo f "e'"[ae "'"]'dr .

In Eq. (19), h, and h~ are the (dimensionless) ampli-
tudes of the density fluctuation and rotational parts of
the spectrum and Ib is a frequency-independent back-
ground. The dimensionless functions, which h, and h2

multiply have been chosen so that h2 is the intensity of
the rotational part at co=0 and h, is (approximately) the
intensity of the density fluctuation part at the Brillouin
peak.

In Eq. (19), the five free parameters h &, h2, Ibs, too, and

Vp were optimized using the Port Library Nu. sg non-

linear least-squares fitting program. Fits were carried out
in the range +1—15 GHz to avoid the interferometer
ghosts near +16 GHz and the Rayleigh line. In the fits,
the theoretical spectra of Eq. (19}were convoluted with
the instrumental response taken from the experimentally
observed Rayleigh line. The optimum values of the pa-
rameters and the resulting reduced gz values are given in

Table I. Note that if we had used a phenomenological
fitting function such as Eq. (11) or (12), there would have
been seven free parameters instead of five.

The coupling constant Vo of Eq. (17) was treated as a
free parameter in the fits. However, we also computed
Vo from Eq. (18), using the Percus-Yevick equation to
calculate S(qo) as discussed in Ref. 19. The resulting
values are listed in Table I as VPY. These values agree

echo results of Mezei, Knaak, and Farago' who found

that in this temperature range P(qo, t) can be accurately
represented by a stretched exponential with P=0.58,
3 =0.84, and r(T) =6nrtR /k&Tqo, where R =0.75 A,

qo
= l.7 A ', and g( T) was taken from the viscosity

measurements of Glover and Matheson. To complete
the calculation of I (q, co ), P (qo, t) was Fourier
transformed numerically with a fast-Fourier-transform
Port Library program, the coupling constant Vp was

treated as an adjustable parameter, and 10=2.24X10
rad/sec was determined from the low-temperature (348-
K) Brillouin spectrum and assumed to be temperature in-

dependent.
An extra complication arises in CKN from the fact

that rotational motion of the NO3 ions contributes to
both depolarized and polarized spectra. (We will discuss
the rotational problem in detail in the following section. )

In the frequency range of our polarized spectra (+15
GHz), analysis of depolarized spectra shows that the ro-
tational scattering can be accurately fit by a Lorentzian
function (to +rn } ', where I z is a rotational relaxation
rate. To determine the values I z, we therefore accumu-
lated a depolarized spectrum at each of the temperatures
in Table I and performed a Lorentzian fit.

The total theoretical function to which the spectra
were fitted was therefore

with the results of the fits to within a factor of 4, which is

very good in view of the inadequacy of the hard-sphere
approximation of the Percus-Yevick equation for molten
salts.

V. DEPOLARIZED BRILLOUIN SPECTRA

In analyzing the depolarized Brillouin spectra, two
effects of the optical anisotropy of the NO3 ions must be
considered. First, orientational dynamics due to rota-
tional diffusion cause light scattering directly. Second,
because the shape of the ion is also anisotropic, its rota-
tional motion can couple to the local shear Sow produc-
ing a complicated spectral profile connected with the
transverse acoustic modes. We consider these two as-
pects of the orientational dynamics separately in this sec-
tion. A comprehensive discussion of light scattering
from orientational processes can be found in the book of
Berne and Pecora.

A. Light scattering from orientational relaxation

NO3 is a planar ion with a threefold axis perpendicu-
lar to the molecular plane. Rotations about axes perpen-
dicular to the threefold rotation axis cause polarizability
fluctuations and give rise to a depolarized scattered spec-
trum with intensity ~(a~ —ai), where a~ and ai are the
ionic polarizabilities perpendicular and parallel to the
plane.

In dilute solutions, the orientational diffusion of nonin-
teracting anisotropic molecules leads to a correlation
function for polarizability fiuctuations C ( t ) ~ e
where hatt

= I /6Dz and Dn is the rotational diffusion con-
stant. The resulting spectrum is a Lorentzian:

1
IvH Ip

1+m e~
(20)

In concentrated solutions such as the glass forming ma-
terials, the single relaxation-time approximation is inade-
quate, and is frequently replaced by a stretched exponen-
tial so that

IvH =Ip Re e " e'~'dg
~ 0

(21)

An early experimental determination of ~z for CKN
was reported in 1972 by Clarke and Miller. Since the
Raman linewidth of a totally symmetric vibrational mode
is modified by molecular rotation for depolarized scatter-
ing only, they measured the linewidths of the polarized
and depolarized v, Raman line of NO3 at 1050 cm
At a temperature -200 K above T, the depolarized
halfwidth [full width at half maximum (FWHM)] exceed-
ed the polarized halfwidth by -2.4 cm, implying a ro-
tational relaxation time ~R of roughly 4.5X10 sec.
The difference in linewidths decreased with decreasing
temperature, vanishing at Tg indicating an arrest of
NO3 orientational motion in the glass state.
Grimsditch and Torell reported depolarized Brillouin
scattering experiments from which they determined
~z -2.7 X 10 "sec at 460 K.

Recently, Signorini, Barrat, and Klein ' carried out
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molecular dynamics calculations on CKN, which includ-
ed an analysis of orientational relaxation. One interesting
result of their analysis was that at 350 K reorientation
occurs almost exclusively through large orientational
jumps signaling the dominant role of activated hopping
processes in the supercooled melt close to T . For the
polarization relaxation function C2 ( t ), they found that
the slow o.-relaxation function could be fit by a stretched
exponential function C2(t)=0.76e "~' with P=0.42.
The corresponding relaxation time ~~ was found to in-
crease from -2.5X10 sec at T=700 K to 2.5X10
sec at T=350 K.

Our depolarized Brillouin spectra at temperatures
above 475 K, where no transverse Brillouin components
occur, were analyzed as pure rotational scattering. The
interferometer's free spectral range was adjusted for each
spectrum to provide optimum resolution and signal-to-
noise ratios. Lorentzian fits were found to work quite
well, but the fit was improved, especially in the wings, by
using the stretched exponential form, Eq. (21). The re-
sulting P=0.70+0.02 was essentially temperature in-

dependent. The fits to the three spectra (T=478, 498,
and 538 K) are shown by the solid lines in Fig. 2. Be-
cause the polarized spectra are much more intense than
the depolarized spectra, a small leakage of the VV spectra
through the imperfect polarizer was superimposed on the
VH spectra and was included in the fitting procedure.
All fitting parameters are listed in Table II. (Note that
for each T there are two spectra with different free spec-
tral ranges. ) In Fig. 4 we show the values of sit found

from our analysis along with two values of Grimsditch
and Torell, three values deduced from the Raman re-
sults of Clarke and Miller, and the molecular dynamics
results of Signorini, Barrat, and Klein. ' The agreement
is seen to be good, supporting the interpretation by

~ i ~

—IO—

Ci

O

* h

4~*~
0 *

—l2 l I i

IOOO/ T ( K ')

FIG. 4. Arrhenius plots of the rotational relaxation time ~&

vs 1000/T from fits to our high-temperature depolarized spectra
( + ) shown in Table II. The molecular dynamics results of Sig-
norini, Barrat, and Klein (Ref. 41) are shown by (2). Two
values determined in a previous Brillouin scattering experiment

by Grimsditch and Torell (Ref. 36) are indicated by (+). Three
approximate values estimated from the Raman scattering exper-
iment of Clarke and Miller (Ref. 40) are shown by (b, ).

Grimsditch and Torell of the depolarized central com-
ponent as being due to rotational diffusion of NO3 ions.

The Arrhenius plot of our rotational relaxation times
shown in Fig. 4 can be fit by a straight line, which shows
that, at least in this limited temperature range, a simple
Arrhenius law for ~~ applies. The slope of the linear fit

gave an activation energy of 8.5 Kcal/mol.

TABLE II. Parameters used in fits of depolarized ( VH) Brillouin spectra ( T ~ 478 K) [Eq. (21)]. Leakage represents the (small) ad-

ditional intensity contributed by the polarized spectrum due to imperfect polarizers and Ib~ is a constant background. Note that for
each T there are two spectra with different free spectral ranges.

638
638
618
618
598
598
578
578
558
558
538
538
518
518
498
498
478
478

GHz
(per ch. )

0.2232
0.4464
0.2232
0.3348
0.2232
0.3348
0.2678
0.1339
0.1339
0.2678
0.0837
0.1674
0.0837
0.1674
0.0478
0.0957
0.0957
0.0478

1/wR

(ch.)

1224
737

1099
799
890
651
656

1095
858
470
969
548
710
407
813
450
272
507

+R

(10 " sec)

3.7
3.1

4. 1

3.8
5.0
4.6
5.7
6.8
8.7
7.9

12.3
10.9
16.8
14.7
25.7
23.2
38.4
41.4

0.71
0.71
0.72
0.72
0.70
0.70
0.67
0.70
0.72
0.73
0.72
0.68
0.73
0.72
0.71
0.69
0.72
0.72

26
20
21
22
21
25
20
20
24
30
39
26
41
37
30
31
17
23

Ip

746
645
697
653
745
880
699
873
959
857

1307
1146
1733
1638
1527
1464
1041
1310

Leakage

5 x10-'
4x 10-'
3 x10-'
4x10-'
3 x10-'
2x10-'
4x10 '
4x 10-'
7x 10-'
9x10 '
17x10-'
6X10
4x 10-'
7x10 '
14x 10-'
13x 10
2x10 '
7x10 '

XR
2

1.1
1.0
1.0
0.9
1.1
0.9
1.2
1.1
1.0
1.4
0.8
1.5
0.9
1.1
0.9
1.0
1.2
1.3
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B. Transverse-acoustic modes

In a fluid consisting of optically isotropic molecules,
transverse velocity does not couple to the optical proper-
ties, so the viscous shear modes do not contribute to the
light-scattering spectrum. In fluids containing large opti-
cally and mechanically anisotropic molecules, transverse
velocity couples to molecular orientations and therefore
can produce light scattering.

Fabelinskii and co-workers and Stoicheff and co-
workers ' discovered that the low-frequency depolar-
ized spectra of several molecular fiuids (such as quinoline)
exhibit a novel central peak with a narrow central dip
producing a minimum at the center. Initially interpreted
as evidence for propagating shear waves, this unusual
spectral shape was subsequently shown to result from a
subtle interference between direct scattering due to rota-
tional diffusion and scattering from orientational fluctua-
tions produced by coupling of molecular orientation to
the local shear stress. '

Wang and Wang and Zhang proposed an extension
of the orientation-shear stress coupling model that in-
cludes the viscoelastic properties of the undercooled
liquid to explain the temperature dependence of depolar-

ized Brillouin spectra near the glass transition. We at-
tempted to fit our data to the theory of Wang and Zhang
with limited success. Although the theory fit our data
quite well at some temperatures, it did not fit the data
throughout the full temperature range studied.

An essential difference between ordinary liquids and
solids is that transverse modes in high-temperature fluids
produce light scattering only if the liquid contains aniso-
tropic molecules, while solids, even if composed of com-
pletely isotropic constituents, can exhibit depolarized
scattering from transverse-acoustic modes. In the solid,
the coupling occurs through the distortion of electronic
wave functions by shear strains expressed as the trans-
verse Pockel's coefficient (or photoelastic constant } p44.
As shown in our paper on LiC1-H20, ' the appearance of
TA modes in under cooled liquids approaching the
liquid-glass transition can be described by

IvH(co) acp(co)Jr(co)/co, where Jr(co) is the transverse

velocity correlation function, ' and the photoelastic con-
stant p(co) is assumed to be frequency dependent with the
same relaxation time ~z as the shear viscosity, as original-

ly proposed by Rytov. The resulting phenomenological
expression for IVH(co) is

p(co)Korz/(I+co Hs)
I vH( }=In

[co qKoco rs—/(I+co rq)] +[coq Kors/(I+co rs)]
(22)

with

p (co ) =co H~ /( I +co rs ) . (2&)

In Eq. (22), Ko is the square of the shear-mode velocity in
the high-frequency limit co~ Do.

Depolarized 90' Brillouin scattering spectra in the tem-
perature range 438 K )T )388 K were analyzed start-
ing from Eq. (22), with the contribution to the spectrum
due to rotational diffusion [Eq. (21)] added, with P=0.7.
The estimated rotational relaxation times ~z shown in
Table III were obtained from an Arrhenius fit to the
high-temperature VH results shown in Table II, which
gave v& =0.001 89e ' X 10 ' sec. The amplitudes
of the transverse velocity and rotational diffusion contri-
butions, Ip and hz, along with resulting values of ~&,
qKo~ and the background (Ib ) given by the fits are
shown in Table III. The quality of the fits was excellent,
as can be seen in Fig. 3.

277. 32 K
T —382.97 K

(24)

[with rl, in Ns/m, where 1 Ns/m =10 P; note that Eq.
(24) was used in computing the relaxation times listed in
Table I]. Tweer, Laberge, and Macedo showed that al-
though an Arrhenius plot of log~pg, versus 1/T falls on a
smooth curve spanning the range 0 log, pg, 14, a sin-

gle Vogel-Tamman-Fulcher expression rl, = A exp[C/
(T —To }]such as Eq. (24} cannot provide an acceptable
fit over the whole range.

VI. PREVIOUS EXPERIMENTS

CKN has been the subject of many previous experi-
ments. The temperature dependence of its shear viscosity

g, (T) was studied by Rhodes, Smith, and Ubbelohde,
Glover and Matheson, and Tweer, Laberge, and Ma-
cedo. Glover and Matheson found that for T & 390 K,
g, can be accurately represented by

TABLE III. Parameters used in fits of depolarized (VH) spectra (T 438 K) [Eq. (22)] h, scales the additional contribution due to
orientational motion of the NO3 ions.

438
418
408
398
388

2762
3776
8958
6855
2686

S

(10 " sec)

10.2
15.6
21.2
27.1

53.2

+R

(10 " sec)

8.9
14.8
19.5
26.1

35.4

Z,'"q
(10 rad/sec)

4.35
4.39
4.56
4.77
4.93

Ibg

37
38
76
57
25

h2

1.6
1.2
1.8
0.9
0.6

XR
2

1.7
1.5
1.6
1.5
1.5
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The electrical conductivity and dielectric response of
CKN were also studied by Rhodes, Smith, and Ub-
belohde, and by Howell et al. ' who found that the
width of the peak in the imaginary part of the dielectric
contant t.."becomes broader with increasing temperature,
implying an apparent decrease in the stretching parame-
ter P. This behavior was ascribed to a change in the con-
ductivity mechanism with increasing temperature, in-
volving the effects of microscopic heterogeneity on the
hopping rate. '

Weiler, Bose, and Macedo performed ultrasonic ex-
periments on CKN in the temperature range
363 & T &402 K. In these experiments, the width of the
distribution of relaxation times g (r~ ) was again found to
be temperature dependent, decreasing markedly at high
temperatures. This behavior is consistent with several
other observations (as we will discuss in the next section).

Two inelastic neutron-scattering studies of CKN by
Mezei and co-workers' '" provided critical insights into
the dynamics of the short-wavelength structural dynam-
ics near the glass transition. Their neutron spin-echo ex-
periments' revealed that P(qo, t) decays with two com-
ponents as predicted by MCT, the slower of which has
the stretched exponential form and shows critical slowing
down with decreasing temperature. They also verified
the scaling-law prediction of MCT by replotting the data
on a master plot [i'(tie) versus t/r]. However, recent
data covering an extended time domain suggest that the
scaling result may only be approximately valid. In a
subsequent neutron-scattering study that combined time-
of-Bight and spin-echo data, Knaak, Mezei, and Farago"
showed that the scattering functions S(qo, co) display two
power-law regimes with a temperature-dependent cross-
over frequency as predicted by MCT.

Light-scattering spectroscopy has been widely em-

ployed to study CKN. The Raman scattering experi-
ments of Clarke and Miller provided the first estimate
of the NO3 rotational relaxation time, as discussed in

Sec. V and shown in Fig. 4. Sidebottom and Sorensen
performed depolarized photon correlation measurements
on CKN, and fit their data to a stretched exponential. In
the range 341 K & T &358 K they found a constant
P-0.40 and a rotational relaxation time, which increased
from 2.8 X 10 sec at 359 K to 150 sec at 341 K. Cheng,
Yan, and Nelson exploited the newly developed time-
resolved technique of impulsive stimulated Brillouin
scattering to probe the acoustic properties of CKN.
Their experiment also showed that the acoustic damping,
plotted against log, o(co), exhibits a peak that narrows
with increasing temperature, consistent with the ul-
trasonic result of Weiler, Bose, and Macedo.

Brillouin scattering studies of CKN have been reported
previously by Torell, Torell and Aronsson,
Grimsditch, Bhadra, and Torell, and Grimsditch and
Torell. In these studies, the Brillouin shifts and
linewidths were measured for the longitudinal and trans-
verse modes, but no attempt was made to fit the overall
spectra to specific theoretical models. In the paper by
Torell and Aronsson, the temperature dependence of the
high-frequency sound velocities vL „and vz-„deduced
from their data are shown and exhibit a sharp change of

slope at T . As we have previously noted, ' similar
changes in slope have been observed in a number of Bril-
louin scattering studies on other materials as well. The
fact that the temperature dependence of the sound veloci-
ty determined by ultrasonic measurements changes at the
glass transition was also noted in the book by Hertzfeld
and Litovitz. "

The experiments of Grimsditch and Torell and
Grimsditch, Bhadra, and Torell, demonstrated that at
high temperatures the depolarized spectrum is primarily
due to NO3 orientational dynamics, a point that we
have further explored in Sec. V, and shown to be in good
agreement with the molecular dynamics results of Sig-
norini, Barrat, and Klein ' (see Fig. 4).

Finally„ in a recent depolarized Brillouin scattering
study of CKN, ' we have shown that the spectrum, when
measured over several decades in frequency, exhibits
self-similarity and two regions of power-law behavior
resembling the neutron-scattering results of Knaak,
Mezei, and Farago. " Recently, we have concluded that
the mechanism responsible for this extended depolarized
spectrum is second-order scattering from two modes at
+qo. It is therefore possible to compare directly the
broad-band depolarized light-scattering spectrum with
neutron-scattering data or with numerical predictions of
MCT, as we sha11 show in a forthcoming publication.

VII. DISCUSSION AND CONCLUSIONS

We have shown that the polarized Brillouin spectra of
CKN can be accurately described by the MCT in the ap-
proximation that the long-wavelength acoustic mode is
damped by anharmonic coupling to pairs of density Auc-
tuation modes at qo. In our analysis, the density correla-
tion function of the qo modes was taken from the neutron
spin-echo experiments of Mezei, Knaak, and Farago. '

The excellent fits obtained provide strong support for the
correctness of the physical mechanism underlying the
MCT. However, it does not demonstrate either the form
of the memory function or the validity of the time-
temperature superposition principle (scaling). The Bril-
louin experiments span a temperature range in which the
viscosity only increases from -0. 1 to -5 P and a fre-
quency range of 1 to 15 GHz, which is not a very large
dynamic range. As recently emphasized by Fuchs,
Gotze, and Latz, ' it is not possible to reliably determine
if scaling holds with a limited dynamic range. In fact, we
have tried fitting both real and simulated Brillouin data
with the stretched exponential function [Eq. (11)] or the
Cole-Davidson function [Eq. (12)], and have found that it
is extremely difficult to determine P accurately unless the
accessible spectral region extends well below 1 GHz and
the spectra can be accumulated for long enough times so
that the Poisson noise is well below the l%%uo level. We
also reanalyzed the neutron data' with P=1, assuming
that scaling applies. The resulting master plot was clear-
ly inferior to the plot with P=0.58. Nevertheless, the re-

sulting A and ~ values, when inserted in the expression
for r(co) in Eq. (19), led to fits to the Brillouin data that
were not noticeably difFerent from the P=O. 58 fits shown

in Fig. 1, although yz increased by —15%%u~. We therefore



45 BRILLOUIN-SCATTERING STUDY OF THE LIQUID-GLASS. . . 695

conclude that it is generally very difficult to determine P
reliably in Brillouin scattering experiments unless coo can
be determined independently by ultrasonic measure-
ments.

There are, however, a number of other experiments
which suggest that scaling may be only approximately
valid. If a relaxation function is written as

(25)

where g(r} represents the distribution of relaxation
times, then in the single relaxation time limit

g(r)=5(r —re), the imaginary part of the corresponding
susceptibility y" ~ toro I[I+(toro) ] plotted against

logio(to) is symmetric with a full width of 1.14 de-

cades. ' ' Any increase in the width of the distribution
function g(r) leads to an increase in width. If P(r} is

parametrized as the stretched exponential function, Eq.
(11), then any value of p(1 produces a width ) l. 14 de-

cades in the y" versus log io(to ) plot. Thus a
temperature-dependent width implies that p is also tem-

perature dependent, which would violate scaling.
The recent dielectric susceptibility study of salol by

Dixon et al. clearly exhibit a broadening and loss of
symmetry in the e" versus logic(co) plots with decreasing

temperature. Similarly, the acoustic damping in CKN
determined by Cheng, Yan, and Nelson (see their Fig.
5), also exhibits marked broadening with decreasing tem-

perature. Angell and Torell ' have reviewed much of
the experimental evidence for increase of the width of ab-

sorption peaks with decreasing temperature, and have
demonstrated such an effect in CKN by combining the
Brillouin data of Torell with the ultrasonic data of
Weiler, Bose, and Macedo, although Fuchs, Gotze, and
Latz' have challenged this analysis. We have also
reanalyzed an extended set of CKN neutron spin-echo
data of Mezei and co-workers' ' and found that, while a
good scaling fit (or "master plot" ) can be achieved with
p-0. 58, individual fits of the data at each temperature to
stretched exponentials gave improved fits with p allowed
to vary, and the results of the fits indicate a tendency for

p to increase with temperature from -0.52 at 403 K to
-0.71 at 553 K. Mezei has also reanalyzed the extend-
ed neutron data and has also found a temperature-

dependent value for p. We note, however, that this result
(absorption width decreasing with increasing tempera-
ture} is not universal. In some experiments the width of
the g" curve apparently increases with increasing tem-
perature rather than decreasing.

Fuchs, Gotze, and Latz' have reviewed much of the
Brillouin and ultrasonic data for CKN and argued that it
is possible to present all of it on a single master plot, indi-
cating that scaling is valid and that the stretching param-
eter P is therefore independent of temperatures, with a
value of 0.44. We would suggest, however, that their pro-
cedure only demonstrates that scaling is approximately
valid. A more stringent test requires separately analyzing
data at each temperature to see if significant improve-
ments in y (or some other goodness of fit criterion) can
be achieved with a temperature-dependent P.

We believe, however, that it is probably not possible to
definitely establish the validity of scaling from the
analysis of experimental data, except within some limited
temperature range. At temperatures close to Tg, the
dominance of activated hopping processes will modify
the structural dynamics, while at high temperatures, as
recently noted by Mezei, the time scales of the a and p
relaxation processes become similar, making it more
difficult to exclude the contributions of p relaxation from
the fitting procedure.

Extensions of the mode-coupling theory beyond the
asymptotic regime T~T,+, where scaling is expected to
hold, are currently under development, however, and fur-
ther attempts to test the predictions of the extended
MCT present an exciting challenge for the future.
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