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By measuring the complex dielectric function over 15 decades in frequency we evaluate the scaling of
the a-relaxation for several glass-forming liquids including propylene carbonate. The temperature
dependence of the mean relaxation time and of the relaxation strength of the relaxation function displays
two dynamical regions being separated by a crossover temperature. The observed findings are essentially
not in accordance with predictions of the mode-coupling theory and light scattering results for propylene
carbonate [M. Elmroth et al. , Phys. Rev. Lett. 68, 79 (l992)l.

PACS numbers: 64.70.Pf, 64.70.DV, 66.20.+d

The glass transition is an old, central problem of con-
densed matter physics [1] and up to now no microscopic
theory exists. Also the dynamic behavior related to the
glass transition, the a-relaxation, is quite complex and
not well understood. Among others the rapid increase of
the viscosity or characteristic relaxation time r with de-
creasing temperature and the non-Debye behavior of the
relaxation function [1-7] are the most important features
of this relaxation process. It is well established that i in-

creases dramatically near the glass transition temperature
T~ according to the Vogel-Fulcher-Tamann (VFT) equa-
tion [8], i.e., log~or =log~or +A/(T —To), where r is

a characteristic time constant in the order of magnitude
of 10 ' s, 2 is a constant, and To is the Vogel tempera-
ture, 30-SO K below Tg. Thus the VFT equation sug-
gests that To is a significant temperature for the dynam-
ics of the glass transition.

Recently the discussion concerning the microscopic ori-
gin of the glass transition has been stimulated by the ap-
plication of the mode-coupling formalism (MCT) [9].
This theory predicts a dynamical phase transition from an
ergodic to a nonergodic behavior at a critical temperature
T„30-SO K above T~. In some cases detailed relations
have been deduced. For instance, the viscosity or relaxa-
tion time should follow a power law r —(T —T, ) t for
T & T, [10]. In a high temperature region (T & 1.2T~)
the viscosity can be fitted by a power law [I ll and y is

found in the range of 2-3 for simple glass-forming liquids
[12,13]. Also the predicted anomalies of the Debye-
Waller factor at T„[10,11] found with neutron and Bril-
louin scattering [13-15]and a change in diffusion behav-
ior [16] support this concept. But it is a serious diSculty
of this theory that the critical temperature where the @-

relaxation should freeze in is far above Tg. The remain-
ing mobility below T, is explained by activated hopping
processes [9]. However, it is not clear and no answer is

given by the MCT how the universal VFT scaling could
be deduced. Recent broadband dielectric measurements
[5-7] show no indication for a critical behavior although
a wide temperature range including the expected T, was

covered. This fact was also discussed by Kim and
Mazenko [17] concluding that the MCT has to be rein-
terpreted. Also a detailed scaling analysis of the e- and
P-relaxation in polymers according to the MCT delivers
only partial agreement with the predicted behavior [18].

To analyze the scaling of the e-relaxation we carried
out broadband dielectric experiments on three low molec-
ular glass-forming liquids. To compare directly dielectric
with scattering results propylene carbonate was chosen
for which a mode-coupling analysis has been presented
[13]. In addition, propylene glycol and glycerol as typical
glass-forming liquids were selected. It should be noted
that the samples include van der Waals liquids like pro-
pylene carbonate as well as hydrogen bonded networks
like glycerol. All liquids show only one dielectric active
relaxation process, the a-relaxation [5-7]. To broaden
the experimental basis we include data for salol taken
from Ref. [6] for which a MCT analysis has been
presented as well [19].

Figure I shows dielectric function e*(f)=e'(f)
—ie"(f) for glycerol in the available frequency range
from 10 to 10' Hz, measured with the equipment de-
scribed elsewhere [7]. As is well known the peak fre-
quency f„of e" decreases and the half-width broadens
when the temperature is lowered.

The temperature dependence of f~ in all studied sam-
ples shows two regimes [9,11,20]. At low temperatures

f~ obeys the VFT equation which becomes obvious in a
plot of log~of~ vs I/(T —To) [21] (Fig. 2). At tempera-
tures which are su%ciently high the motion of molecules
is determined principally by the energy required for a ro-
tation and dependence of f~ upon temperature should be
governed by an Arrhenius equation In' =lnf —E /kT.
Indeed in the high temperature range fz can be fitted for
all liquids studied by this equation where f is a relaxa-
tion rate in the order of magnitude of 10' to 10' Hz
and E, is an activation energy, with reasonable values be-
tween 20 and 40 kJ/mol (see Fig. 2). A crossover tem-
perature T~ can be defined by the intersection of the Ar-
rhenius with the VFT law as indicated in Fig. 2 by an ar-
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TABLE I. Characteri»tic temperature» for the»caling of the
o-rcl;Ixation. T, wa» determined from Fig. 3. for the deter-
mination of Tp see Ref. [21].

40

&c

S;Ini pie»

V ropy l en e carbonate

Glycerol
Propylene glycol
S;I lol"'

130
1 ] 1.2
117
182.~

216.6
288.0
291.6
279.7

T, (K)

186.6
248.8

251.3
267.7

2.4S
3.65
2.42
2.25

30-

20-

"The To value i» 40 K greater than the value reported in Ref.
[6],although the same data;tre used. Thc reason m. iy be the
unrc, tlistic pref, tctor r = 10 s given in Ref. [6].

10-

relaxation time, and e =e'(f) for f)) r '. In Fig. 5

(The) vs T is shown. This plot does not show the func-
tional form expected from the MCT, i.e. , The- (T,
—T) '/ for T ( T, and The = const for T ) T, [23].
But, in the same temperature region where f„deviates
from the VFT behavior Th.e also shows a change in its
temperature dependence as indicated by T, in Fig. 5.
Again the changes are more pronounced for the van der
W dais llqulds.

Fitting the HN function to the experimental data
delivers also the shape parameters P and a. For all sam-
ples a=1 independent of temperature is found. In Fig. 6
the shape parameter P is plotted versus temperature
yielding the conclusion that P is temperature dependent
for all samples studied. This is in contradiction in detail
to light scattering results on propylene carbonate where a
temperature independent P is found [13] and to the
MCT, in general, where a temperature independent be-
havior above T, is predicted [4]. There is no change in
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FIG. 5. (The) vs T: O, glycerol; O, propylene glycol; 0,
propylene carbonate; h, salol, data taken from Ref. [6]. T, as
extracted from Fig. 3 are indicated by arrows. Lines are guides
for the eye.

the temperature dependence of P at T, . Moreover, at
least for propylene carbonate we can prove without any
experimental uncertainty that P approaches unity (Debye
process) at the high temperature site.

To discuss the scaling of the e-relaxation it seems
necessary to treat the e-relaxation as a cooperative pro-
cess characterized by a correlation length [16,24-26]
where the decrease of f„with decreasing temperature is

explained by a strong temperature dependence g(T) set-
ting in at Tz and going to infinity as T approaches T0
[25,26]. This model is supported by observations that
above T~ the scaling is given by an Arrhenius law with

reasonable activation energies and a Debye-like relaxa-
tion function. Below T~ the dipoles within the correla-
tion volume V, =g(T) are dynamical coupled and hence
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F1G. 4. 1/log~p(f /f~) vs temperature for propylene car-
bonate (log~pf =13.11). The crossover between the Arrhenius
or MCT behavior and the VFT law is demonstrated more clear-
ly in the inset. Tz, T„and To are indicated by arrows.
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FIG. 6. Shape parameter P vs T 0, glycerol; o, propylene.
glycol; 0, propylene carbonate. Lines are guides for the eyes.
T~ and T, as extracted from Figs. 2 and 3 are indicated by ar-
rows.
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it is not surprising that the cooperative movement of di-

poles leads to a more complicated temperature depen-
dence not only for f~ but also for the relaxation strength
and the shape of the relaxation time distribution. Furth-
ermore, the observation that the transition between the
two dynamical regions is less pronounced for the H-
bonded liquids (see Figs. 2 and 5), because the interac-
tion between the molecules is increased, supports this
concept. It should be emphasized that in this considera-
tion T~ is not a critical temperature in the sense of a
phase transition but a crossover temperature separating
local and cooperative motional processes. A similar tran-
sition was assumed in the coupling model developed by
N ga i et al. [27].

In conclusion, we have shown by means of broadband
dielectric relaxation spectroscopy that the a-relaxation
shows two different dynamical regions separated by a
crossover temperature T~, or T, . In the temperature re-
gion where the peak frequency f~ deviates from the VFT
behavior we show, for the first time, that also the temper-
ature dependence of the intensity h, e of the dielectric re-
laxation function changes. Above T~ the temperature
dependence of fz can be described by the power law be-
havior predicted by the MCT with exponents between 2
and 4 or by an Arrhenius law with reasonable parame-
ters. The temperature dependence of the shape of the re-
laxation function and of its dielectric strength is in con-
trast to predictions of the MCT. Instead it is suggested
that the a-relaxation at temperatures below the crossover
temperature T~ cannot be comprehended without taking
into consideration its cooperative nature.
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