Short time dynamics of glass-forming liquids
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Calculations have been presented for the intermediate scattering function, dynamic structure factor,
and dynamic susceptibility of a complex correlated system undergoing relaxation with independent
vibrations. The vibrational contribution was approximated by a Debye spectrum, smoothed at high
frequency, while the coupling model was used to describe the relaxation. This model asserts for
nonpolymeric glass-forming liquids a crossover at a microscopic time from intermolecularly
uncorrelated relaxation at a constant rate to intermolecularly coupled relaxation with a
time-dependent, slowed-down rate. Although the model has previously been employed to
successfully predict and otherwise account for a number of macroscopic relaxation phenomena,
critical phenomena are not included in, and cannot be addressed by, the coupling model.
Notwithstanding an absence of any change in transport mechanism for the supercooled liquid at a
critical temperature, the coupling model data, when analyzed in the manner used for mode coupling
theory, shows various features interpreted by MCT as critical dynamic singularities. These include
an apparent fastg" relaxation giving rise to a cusp in the temperature dependence of the Debye—
Waller factor, a power-law divergence in the temperature dependence of the relaxation time for the
a process, and critical exponents for the relaxation having a defined relationship to one another.
Additionally, other experimental features of the short-time dynamics, such as the anomalous
Debye—Waller factor and the von Schweidler law, are also observed in results derived from the
coupling model. Whatever similarities underlie the coupling model and MCT, a crucial difference is
that only the latter predicts the existence of critical phenomena. Yet these and other distinct features
are exhibited by the coupling model data. Evidently, any interpretation of short-time behavior in
terms of MCT is ambiguous, if not necessarily incorrect. This indicates the importance of the many
macroscopic-time relaxation properties found over the years in glass forming liGoaisding
polymers, small molecule van der Waal liquids, and inorganic matgraaisl the necessity that they

be addressed by any theory, including MCT, purporting to offer a fundamental description of
relaxation phenomena. @995 American Institute of Physics.

INTRODUCTION proximated by the Vogel—Fulcher empirical function, at least
over some restricted temperature range. Other phenomenolo-
The transition of glass-forming liquids from the lower gies includg(i) the time-dependence of the relaxation process
temperature glassy state to the higher temperature viscoesnforming to the Kohlrausch fractional exponential correla-
melt has long been a subject of considerable scientific intertion function,
est, but the phenomenon is still not adequately understood. (8
The most relevant problem regarding the glass transition is CK=exp—(—*) ; (1)
the nature of the relaxational dynamics of the molecular or T
ionic constituents, which ultimately determine the physicalij) 5 strong correlation between the Kohlrausch fractional
properties of the glass transition. Resolution of this issue willkexponent,s, and the normalized temperatufk,/T, depen-
not come easily, because we are dealing with a many-bodyence of the Kohlrausch relaxation time;*8 (iii ) within a
problem involving densely packed moieties interacting in aamily of chemically similar materials, a trend of decrease in
nontrivial fashion. In such a Situation, the dynamiCS of theB with increasing Severity of the dynamica| constraints be-
relaxation process cannot be described in terms of one-bodyeen the relaxating moietieg.e., stronger intermolecular
language, even when some effective mean field approxima:ooperativity;*'° (iv) the shear viscosity and orientational
tion is used. relaxation time have a similar temperature dependence,
Traditionally, experimental investigations of the dynam-which however differs from that of the diffusion
ics are carried out by spectroscopigsich as mechanical, coefficient!* These are just a few among many examples,
dielectric, and photon correlatiptthat probe the relaxation particularly when polymers are includéd.
in the “macroscopic” time domain, typically much longer These phenomenologies and experimental facts involve
than 10 '° s!'~3 Experimental data on glass-forming materi- macroscopic times and have been the main concern of past
als collected over the years have enabled a number of intetheoretical efforts. However, with the advent of mode cou-
esting phenomenologies to be established. It was found earpling theory (MCT),%*® which addresses the microscopic
on that transport coefficients, such as the zero shear viscotime regime(~101-10"° s), much attention has shifted to
ity, diffusion constant and dc conductivity, usually do not testing the predictions of MCT for neutron and light scatter-
have an Arrhenius temperature dependence, but are well apig experimental data and for molecular dynamics simula-
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tions performed on glass-forming systetfis?* These types COUPLING MODEL RESULTS
of measurements provide relaxation data in the microscopic

time regime and beyond, and thus should confirm certain The COUD"?T%%mOdeI of relr]axathn In den?ely packed in-
quantitative MCT predictions, such as the “fagtrocess,” teracting systents proposes the existence of a temperature

the “von Schweidler law,” a critical slowing down of the independent crossover timig,, separating two time regimes

density correlation function at some temperatlige certain i which the relaxation dynamics differ. At short times,

scaling laws, and the anomalous Debye—Waller faGd? t<t., the basic units relax independently of each other with

" N . Ta constant raté€),=r, ! as if the intermolecular interaction
The “success” of some of the comparisons between MC - L
. . 27 .~ has no effect other than providing a time independent mean
and experimental data remains controveriat/ and possi-

. . field which determine<),. The correlation function of the
bly there are alternative ways to interpret the data; neverthe-

: NSelaxation process then has the Debye form

less, the current emphasis of research on the glass transition

has shifted from the macroscopic time properties to micro- t

scopic time ones. This shift is not undesirable, since the CD(t)=eXP—(T—)- 2

properties at microscopic times are more fundamental. Al- 0

though MCT enjoys an almost unigue position among theoThis description of the relaxation is only appropriate for

retical models in being able to address short-time behavior, gimple molecular units without intramolecular interaction.

has not yet been developed to the extent of a demonstratddhe motion of polymers is intramolecularly correlated be-

consistency with all thenacroscopictime properties men- cause of bonded interactions along the polymer chain; this

tioned above. causes the independent relaxation rate to be time dependent,
The coupling modéf is a general theoretical framework €ven before intermolecular interaction is taken into

to treat relaxation in densely packed systems. The theoreticgPnsideration?

basis for the model is chaos in classical mechanics, arising For timest>t;, neighboring molecules impose con-

from the nonlinear nature of the intermolecular interactionStraints on the relaxation of each unit. The coupling model

potential, such as the often employed Lennard-Jone§escribes the ensuing many-boy cooperativerelaxation

potential’2282 The coupling model at present lacks the dynamics by an effective relaxation rate, obtained by aver-

mathematical rigor of MCT and much work remains before a9ing over all units. Each has the time dependent, retarded

completely fundamental theory is in hand. However, it isfélaxation rate

belleved_that the quel captures the important phy5|c_s of Q) =0Qg(w) ™, @)

cooperativity dynamics, and, moreover, leads to various

qualitative and quantitative predictiofist®!? Indeed, the wheren is the coupling parameter, whose magnityfen

phenomenologies in the macroscopic time regime mentioneet 1) determines the degree of intermolecular cooperativity.

above were either anticipated by or consistent with the couThis cooperativity gives rise to random variations in the suc-

pling model. cess rate for reorientations, conformational transitions, etc.,
Although the coupling model is based on microscopicby the segments. At any given time on the molecular level

time considerations, previously no attempt was made to conihe individual motions are not identical nor do they proceed

pare its predictions for microscopic time properties with neu-homogeneously; however, the averaging over all units appro-

tron and light scattering experimental data and moleculapriate for a description of macroscopic variables results in an

dynamics simulation results. Recently, Colmenero ancffective description which ostensibly implies homogeneous

co-workerg€®3Lused the model in analyzing their quasielasticrelaxation?®

neutron scattering measurements, and found good correspon- The relation betweew, andt. is

dence between theory and experiment. In this work we ex- _ Une 1-1

amine the results of the coupling model for the microscopic @e=[(1=n)™] @

time regime by carrying out an analysis in the manner emThe correlation function that has the time dependent relax-
ployed by for MCT*~?3 Our interest is to determine if the ation rate of Eq(3) is the Kohlrausch stretched exponential
coupling model can reproduce results having the same dunction [Eq. (1)] with B=1—n. However, this correlation
similar features as predicted by MCT. Such comparisons arfunction is only valid fort>t., and moreover must satisfy
made more difficulty by the existence of two—the idealizedthe condition,

and the extended—MCT variants, which are employed
sometimes simultaneously in applying the theory to experi-
mental dat&>~2’ Nevertheless, as described below, results
obtained from the coupling model capture many of the fea- )
tures predicted by MCT, including the presence of a “fastO" equivalently,

process,” the manifestation of apparent critical behavior at = (1 ") M (6)
some temperaturé,, the anomalous Debye—Waller factor, ¢

the observation of the von Schweidler law and its scalingn order that the functiorC(t), which is comprised of two
behavior. These findings call into question the uniqueness giarts [Eqgs. (1) and (2)], be continuous everywhere. Of
theoretical interpretations of experimental observations ircourse, the crossover at timg is only an approximation.
the microscopic time regime. The actual crossover occurs over a range of times in the

e[ 2]
—|Texp | & 5

0

exp—
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neighborhood oft,. In this neighborhood, the correlation
function, as well as its derivatives, must be continuous at all
times.

For comparison with microscopic time experiments we
are interested in the density—density self-correlation func-
tion, or the incoherent intermediate scattering function

Fo(t;Q, T)=(exp{—iQ-[ri(t)—ri(0)]}), @)

wherer,(t) is the position of theth molecule at time, Q is
the wave vector, andl the temperature. Both vibratidpho- 04 450K i
non) and relaxation(diffusion) of the molecules contribute to T

F(t;Q,T). The phonon ComfibUtiOthonor(tiQ,T) is deter- ol ol s el vl v voed 3ol 1
mined by the density of states of the phonon modgs), 10° 102 107 1T°|T\AE (;g 1021 1o
according to the formuf4

F t:Q,T)=ex 2\W t, 71, 8 FIG. 1. Intermediate scattering function with phonon contribution only,
phonof 1;Q,T) p-[QW(LT)] ®) F phonons Calculated from the Debye spectrum for different temperatures us-

where, if the phonons are harmonic throughout the temperd?d Egs.(8)—(10). From top to bottomT =50, 100, 150, 200, 250, 300, 350,
ture region of interest, 400, and 450 K.

W(t,T)=KT2f g(w)[1-cofwt)]Jw ! sumption is adequate for the purposes of this paper. Accord-
ing to the coupling model form foiF . (t;Q,T) given
above, the following result is obtained:

X|——————+1
exp(fi o/KT) exp—[t/7o(Q,T)] for t<t,

with K representing a collection of constanw/(t,T) de- FS(t'Q’T)_thO”"’{ exp—[t/7(Q,T)]1*™" for t>t¢
creases with time, leveling off to a constant value 11
W(T)=lim;_.W(t,T). Correspondingly, Fponoft—; In the spirit of the coupling modely(Q,T), the relaxation
Q,T) has the value expQ®W(T)], which is the well-known  time for independent motion of a molecular unit, is written as
Debye—Waller(or Lamb—Massbauerfactor®* The objective Q|2 .

of the present work is the .demolnstratlon of _g.eneral fgatures. 7(Q,T)= (_) Tw(Qo)exr{ _a> (12)
Hence, we eschew consideration of specific experimental Qo kT

data, and instead can choose any re_asonable phonon sp@grich explicitly displays the) ~>dependence and Arrhenius
trum. The Debye spectruthhas a density of normal modes, temperature dependence of independgitkian) diffusion.

do, 9

9gp(w), of the form We calculateF 5,(t;Q,T) for Q=Q, by letting the cross-
3 over time assume the valug=2 ps, and takingg,=3.0
Op(w)= (m) w? (100  kcal/mol andr.,(Qy)=0.1 ps. The value df. is suggested by
|.30

the experimental data of Colmenegbal> and by prelimi-

for w<wp and gp(w)=0 for w>wy . The abrupt cutoff of nary comparisons with molecular dynamics simulatidns.
Op(w) at w=wp leads to oscillations irF ,p,n(t;Q,t). In  The choice ofE, is guided by the fact that the conforma-
this work these oscillations are eliminated by smoothing the
obtained correlation function with a low pass Blackman
filter.%® Taking wp =1.5x 10", the F joneft; Q. T) calculated o
for a constanQ= Qg is shown in Fig. 1. The corresponding s _
Debye—Waller factors, shown as open circles in a semiloga- Q.
rithmic plot in Fig. 2, lie on a straight line, as expected for | AN
harmonic phonons. -

Intuitively, the vibrational phonon spectrum contributing E
to F4(t;Q,T) is expected to be associated with the same T
molecular degrees of freedom involved in the relaxation pro-
cess transpiring at the same time. Relaxation will damp the 0.5¢
oscillation, introducing anharmonicity into the phonon re-
sponse. Since relaxation is thermally activated, the degree of o L
anharmonicity should increase with temperature. These con- 50 100 150 200 250 300 350 400 450 500
siderations are beyond the scope of the present paper, but TEMPERATURE (K)
will be the subject of a future investigatidh.

We make the assumptibit®3that vibration and relax- FIG. 2. Debye—Waller factowith phonon contribution onlycalculated for

; ; ; i ; different temperatures using E¢P) in the long time limit(open circles
ation contribute independently to the density—density CorreFilIed circles denote the values of the “nonergodicity parametég(T),

lation function; thus,Fy(t;Q,T) iS_ equal to the p!‘OduCt obtained by fitting the slowt-process of «(t;Q,T) by Eq.(23) as shown in
Fononof 1 Q, T) X Freia{t;Q, T). While not exact, this as- Fig. 3.
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FIG. 3. Density—density correlation function calculated at different tem-FIG. 5. Dynamic susceptibility”(w;Q,,T) calculated from Eq(14) and
peratures according to E(L1) for n=0.60(B8=1-n=0.40, shown as solid  the S(w;Q,,T) given in Fig. 4. Temperatures from top to bottom are 450,
curves. Temperatures from top to bottom are 50, 100, 150, 175, 200, 22%00, 350, 300, 250, 225, 200, 175, and 150 K.

250, 300, 350, 400, and 450 K. The dashed curves represent the fits of Eq.

(23), obtained using the procedure of Refs. 21 and 22, to the alpnocess

with a constantBycr=0.46. The anomalous Debye—Waller factdi(T) |y calculations were performed for other values of the cou-
determined by this process are displayed as full circles in Fig. 2. The sin-

gularity in fo(T) in Fig. 2 derives from the data for 2507350, for which  Pling parameter, including 0.2 and 0.4, but are not shown

the fit of Eq. (23) deviates for each temperature over the same range ohere.
times. For clarity, not all data and fits at each temperature are shown.

MODE COUPLING THEORY

The coupling model results given in the previous section
tional energy barrier of van der Waals liquids such as OTRyt least qualitatively resemble those obtained experimentally
(Ref. 38 and ponethern@ are of this order of magnitude. by quasie|astic neutron Scatteﬁ-ﬁgls and ||ght

Results for Fg(t;Qq,T) at various temperatures for scattering®?®® as well as by molecular dynamics
B=0.40 (or n=1-p=0.60 are displayed in Fig. 3 by solid simulations?*~?*Most though not all investigators have cho-
curves. FromFy(t;Qo,T) the dynamic structure factor, sen to analyze their data in a manner allowing for detailed
S(w;Qo,T), and the loss part of the dynamic susceptibility, comparisons with the predictions of mode coupling theory
X'(0;Qy,T), are calculated according to the formulas, (MCT). In the sections to follow we shall subject the data

1 (= generated from the coupling model to a similar treatment.
S(0;Qq,T)= =— J Fo(t;Qo, T)expi ot)dw (13y  The MCT has been extensively reviewed and discussed in
2m Jo the literature*~2%2’here we summarize the essential results.
MCT predicts the existence of dynamic singularities at
some temperatur€; above the calorimetric glass transition
¥'(0:Q0,T)=0S(w;Qp,T). (14) ~ temperatureT,. Above T, the density correlation function
exhibits a two step decay—a fast local procésslled theg
These quantities are shown in Figs. 4 and 5rfe10.6; simi-  relaxation) followed in time by the primary relaxation re-
sponsible for the glass transition. In MCT much attention has
been given to the fasB relaxation, which determines the
density correlation functiodq(t) for temperatures close to
T. and in a time region centered at a time defined by

and

t.=to/|€l¥?, (15)
where 6<a<1/2 and
e=[(T=T)IT|. (16)

This t_ is intermediate between the short microscopic time,
tg, and the longer time associated with theelaxation. For
timesto<t<t, andT<T; or T>T,, ®p(t) decays accord-
ing to a power law to a finite plateau valdig,

D o(t) =+ hg(te/t)? (17)
0.0 0.5 1.0 1.5 2.0 25 3.0

o (rad/s x 10°19) with a temperature independent amplitudg. For times
t>t, the behavior ofdy(t) depends on whethéF<T, or
FIG. 4. Dynamic structure factd8(w;Qq,T) calculated by Eq(13) with T> TC_ ForT< TC,
the F4(T;Qp,T) given in Fig. 3. Temperatures from top to bottom are 450,
400, 350, 300, 250, 225, 200, 175, 150, 125, and 100 K. Do(t>t,)="1o(T), (18

S(w;Q ,T) x 10
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where At low temperatures, where there is no decay of the correla-
c tion function due to thex-process, the Debye—Waller factors
fo(M=Tfo+ hQ[(TC_T)/TC]m' (19 are determined entirely by the harmonic phonons. The results
Thus, the long time limitf o(T) of the B-process, which is for fo(T) are plotted(as filled circle$ in Fig. 2. At low
often referred to as the “nonergodicity parameter” and maytemperaturesfo(T) conforms to the well-known expression
be viewed as an anomalous Debye—Waller factor, shows #or a harmonic Debye phonon spectrum, viz.,
critical behavior as approached . from below. Info(T)= —WGQ?T, as indicated by the dashed line in Fig.
For T>T,, ®q(t) undergoes another decay in the time 2. However, forT>250 K, fo(T) begins to exhibit an
regimet .<t<t, according to another power lafreferredto  anomalous decrease. This departure from linearity was fitted

as the von Schweidler lagw to the form given by Eq(19) with a square root singularity.
A good fit to our coupling model data far<T. is obtained
— §C _ b c
Po()=foholt/7u(T)] 20 ysing Eq.(19) with T,=310 K, 5=0.47, andh,=0.32
which joins smoothly with ther-relaxation. This new time (solid curve in Fig. 2 In accord with MCT, the fit suggests
scaler, is given by the existence of a critical temperatuiie,, both by the
(1j2as1/2b - (T.—T)¥2 behavior and the cusp found in the temperature
To(T)=to|e] "% '=tolel 77, (21) _
dependence of the Debye—Waller factgy(T).
where 6<b<1 is another critical exponent. The two critical Such behavior ostensibly implies the existence of the
exponentsa andb are related to each other by an equationfast g-process of MCT; however, this cannot be the case.
that involve thel’-function, There is no critical behavior in the data, since it was gener-

ated from the coupling model. Rather than the fagtrocess

of MCT, there is instead a “fast” Debye relaxation operative
at short times<t.. The anomalous behavior of the Debye—
APPARENT EXISTENCE OF T, AND THE (T,—T)"? Waller factor is caused by this fast Debye process. The
ANOMALY (TC—T)”2 behavior, suggestive of an apparent critical tem-
perature, is merely the consequence of the rapid increase in
he decay of the short-time relaxation with temperature due
o the Arrhenius temperature dependence of the relaxation
time 7, [EqQ. (12)]. The magnitude of activation enthali&gy

of 7, depends on the chemical structure of the glass-forming
liquid. For example, within a given class of materials, an

(19)], the MCT predicts a cusp in the temperature depenincrease in stearic constraint usually raises the activation en-

19,10 i : )
dence of the anomalous Debye—Waller factor. The presen%@alpyfti?m?ﬁt ghg presence diad'n tTe c':)hrrelanon fL,:.nC b
of such a cusf??’in experimental data has been used to'o"" ' th€ fast Debye process indicates the connection be-

support the existence of a critical temperatilirgeand hence tweeAn relfeltxatpn d_ynamlcs ?n? Chﬁ m|fal structure.l h
mode coupling theory. similar situation prevails for the slow-process. In the

We can analyze our coupling model derived data in theCOUpIing model, the coupling parameterincreasesKohl-

manner of other§?%?to deduce the anomalous Debye— rausch exponentp=1—n, decreasgswhen the chemical
Waller factor. The slowa-process, identified by MCT and structure is altered in a manner which enhances intermolecu-

evident in intermediate scattering function détar example, Idar C_OnStLamti' This iﬁect, %roperty_ numtgli(;?&:n _thgl Intro-
see Fig. 4 of Ref. 15, Fig. 5 of Ref. 22, and Fig. 8 of Ref. uction, has been observed experimen simiiar re-

I'2(1—a)/T(1—2a)=T2(1+b)/T(1+2b)=\. (22

When the first power law decd¥g. (16)] and the sec-
ond von Schweidler law are well separated in time, the lon
time limit fo(T) of the g-process folT>T, is given byf°Q
together with the normal Debye—Waller factor contributed
by the phonons. Combining this result of a long time limit
for the B-process forT>T, with that for T<T, [see Eg.

21 fit sult is expected for microscopic relaxation \fa(t;Q,T).
), can be fitted by On the other hand, the relation between the Kohlrausch ex-
Fs(t;Q,T)=fo(T)exp—[t/7(Q,T)]Pucr (23)  ponentB and chemical structure is not obvious from MCT.

with the amplitudesf(T) identified with the anomalous

Debye—Waller factors introduced in Eq4d.8) and (19). In

carrying out this fitting of the synthetic data, the act@al AppARENT VON SCHWEIDLER LAW

used to construct the latter is ignored; instead the fitted

KWW curve is chosen to deviate from the data at times  One of the most important predictions of MCT is the

similar to those found in MCT analysdsee, for example, existence of a von Schweidler la\iq. (20)] for the begin-

Fig. 5 of Ref. 22. ning of the primary a-relaxation process. Both light
Using this procedure in treating our density—density cor-scattering®?%?” and neutron scatterifi)'® experiments re-

relation function(Fig. 3 forn=0.60 or 3=0.40, the result- veal evidence of the von Schweidler law in several glass-

ing fits to the sloww process with a temperatuikdependent forming liquids. The exponents, b, and y were found to

Buct=0.46 are shown as dashed lines in Fig. 3. A temperasatisfy the relationship predicted by MCT. The idealized

ture independenBycr according to Eq(23) from MCT has  MCT also predicts that the relaxation time(T) shows a

constrained the fits in Fig. 3 to the forms shown there. Thepower-law divergence af=T, [see Eq.21)], with the ex-

difference betwee,,ct=0.46 and thg3=0.40 used to gen- ponenty related to the value db [see Eqs(21) and (22)].

erate the coupling model data via E@.1) is due to the This divergence is eliminated in the extended version of

absence of the nonergodicity parameter in the latter modeMCT.!® Recently, a molecular dynamics simulation of a su-
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FIG. 6. Semilog plot of¢(t;Q,,T) from Fig. 3 vs the scaled timer,(T,e) FIG. 7. Double logarithmic plot of the shift factor v £ T,); the straight
to test for the presence of a von Schweidler law and any relation betweefine is the power law given by Eq27).
the exponentsa andb.

From the definition of the shift factok(T), the temperature

percooled atomic liquitf also exhibited the von Schweidler dependence oflog A(T) is the same as that of 1pg;(T)],
law, with the correct time and temperature exponents’ relawherebyr,»(T—T.) %3 with the exponent having a value
tionships. close to that predicted by the relationship between the expo-

We can examine our coupling model data for the presnentsb andy. Thus, the predictions of MCT concerning the
ence of a von Schweidler law, and determine whether th&on Schweidler law are fulfilled in our dataynthesized us-
exponents satisfy the exponent relations. To do this we adopg the coupling modglto comparable accuracy as found for
the procedure of Ref. 23. The variable is the scaled timea supercooled Lennard-Jones binary mixture of classical
t/7,(T), and in order to test the scaling behavior we choosearticles?®
a reference temperatufg, to be 200 K. In a semilog plot of
Fs(t;Q,T) against log, we shift the data for each tempera- pEpARTURE FROM MCT (GLYCEROL)
ture T>200 K horizontally by the amount lo§(T). This o ] ]
should produce a master curve, having the von Schweidler G00d agreement of the predictions of MCT with experi-
form given by Eq(20). Furthermore, the temperature depen-mental observation'®°'has been found in a number of

dence of the relaxation time,(T), now given by fragile glass formers, including calcium potassium nitrate
(CKN), salol and o-terphenyl. However, a recent combined
To(T)=A(T) 7a(Trep) (249 neutron and light scattering study of supercooled glycerol

should show a power-law divergence at some critical temtCsHs(OH)3] indicated deviations of the exponents of the
peratureT, [Eq. (21)]. Finally, the exponentb andy must  B-process from their MCT-predicted valu&rom these ex-

satisfy the exponent relationship periments the dynamic susceptibility,(w;Q,T), which has
1 1 a minimum atwp,;,, was deduced. AbovE., MCT predicts
T — that
y >a + T (25

_ o X"(©)= Xmin b( @/ in) *+ & @min/ ©)°1/ (a+b),  (28)
The results of this procedure are shown in Fig. 6. The .

shifted curves superpose well to form a master curve Onl)yvhgrea andb are related by Eq(22), subject to the.con-
over a limited region as shown. For values of the ordinate’traintsa<b and (if b<1), a<0.395. However, experimen-
below 0.3 (not shown, wherein contributions from the tall¥4ghe susceptibility minimum occurs be;twegn and
a-relaxation of MCT are present, the individual curves fan® - For frequencies above the m_mlmurxi,(w) Increases
out, away from the master curve. This property is consisten?nUCh more steeply th_an the® law W'.th a<0.395 expected
with MCT in that the von Schweidler decay and the rom MCT‘ Thg exp erimental data yield valuesatiose to
a-relaxation scale differently. The master curve is well fit byun'ty' while a fit using the above MCT E(28) gaveb=0.61

the functional form anda=0.32. . . .
The macroscopic relaxation time of glycerol has a nor-

malized (T,/T) temperature dependence which is intermedi-
ate between the rapid variation seen in fragile glass formers
and the mild variation in the so-called strong glass
formers®#142As stated in the Introduction, the Kohlrausch
exponentg anticorrelates with the normalized temperature
dependence. Relaxation measurements performed in the
macroscopic time regime have indeed found that the value of
B for glycerol is larger than that of other fragile glass
A(T)oc(T—To) 43 (27)  formers* =4 Susceptibility spectra from light scattering ex-

t 0.248

1.04x10°

and thereforeb=0.248. Using this value fob we obtain
from Egs.(22) and(25), a=0.183 andy=4.75.

In Fig. 7 we have plotted —logA(T) against
log(T—T,.), with T, chosen to bd . The data were fitted
to a power law:

<I>(t)=0.71—0.54(

(26)
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coupling model are consistent simultaneously in every re-

spect with MCT. Nevertheless, since the coupling model as-
serts no critical temperature, evidently short-time relaxation

results are ambiguous and perhaps misleading when inter-
preted according to the prescriptions of MCT.
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