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Complex permittivity was obtained on glycerol, xylitol, sorbitol and sorbitol-xylitol mixtures in the super-
cooled liquid state in the frequency range between 10 � Hz and 500 MHz at temperatures near and above the
glass transition temperature. For all the materials, a dielectric relaxation process was observed in addition to
the well-known structural � and Johari-Goldstein � relaxation process �G. P. Johari and M. Goldstein, J. Chem.
Phys. 53, 2372 �1970��. The relaxation time for the new process is always larger than that for the � process.
The relaxation time shows non-Arrhenius temperature dependence with correlation to the behavior of the �
process and it depends on the molecular size systematically. The dielectric relaxation strength for the new
process shows the effect of thermal history and decreases exponentially with time at a constant temperature. It
can be considered that a nonequilibrium dynamics causes the new process.
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I. INTRODUCTION

One of the interesting features of supercooled liquids is
coexistence of many dynamic processes with different char-
acteristic times. Recent studies by means of broadband di-
electric spectroscopy have revealed that there are at least
four processes commonly recognized at a temperature near
the glass transition temperature Tg �1�. These are the � pro-
cess, the slow � process �so-called Johari-Goldstein process
�2��, the fast � process and the boson peak. The � process
has the largest relaxation time and is considered to be the
structural relaxation process directly connected to the glass
transition phenomena. The slow � process shows up at a
temperature where the � process starts to follow a non-
Arrhenius manner with decreasing temperature. Recent in-
vestigations on polyhydric alcohols �sorbitol, xylitol, glyc-
erol� by means of the broadband dielectric spectroscopy have
suggested that the slow � process is concerned with local
fluctuations among molecules �3–6�. The relaxation times of
these two processes have strong temperature dependence, es-
pecially for the non-Arrhenius � process. On the other hand,
the fast � process and the boson peak show essentially no
temperature dependence and the relaxation times are very
small. It is considered that the fast � process is connected to
the caged dynamics and the boson peak is caused by local
librations of the molecules and/or atomic groups. These di-
electric relaxation processes originate in the permanent di-
pole moment in the substance.

In an actual measurement, using a set of metal electrodes
forming a capacitor, the complex permittivity also contains
effects of the electrode polarization and the dc conductivity
in addition to these processes with molecular origin espe-
cially in the low frequency region such as less than 10−3 Hz.
In this case, the complex permittivity, �*���=�����− i�����,
is expressed as follows:

�*��� − �� = � Fi
*��� + Felec

* ��� + F�
*��� . �1�

The function Fi
*��� describes the dielectric relaxation pro-

cesses with molecular origin such as the � process, the slow
� process, the fast � process, boson peak and so on. Felec

* ���

and F�
*��� represent the electrode polarization and the dc

conductivity, respectively. Large electrode polarization and
dc conductivity bring difficulty to the dielectric measurement
for investigation of the slower dynamics. Even removing im-
purities can reduce the conductive processes, it is usually
impossible to erase the effect completely. Therefore, we need
to evaluate these effects of Felec

* ��� and F�
*��� precisely to

study the behavior of �Fi
*��� in Eq. �1�. However, such

evaluation has been difficult in the complex permittivity
measurement of glass-forming liquids especially with hydro-
gen bonding networks mainly due to technical limitation.
Finally, dielectric study at frequencies lower than the � re-
laxation frequency has not been performed very much so far.

In this study, we performed the complex permittivity mea-
surement for the glass-forming liquids �sorbitol, xylitol,
glycerol and sorbitol-xylitol mixtures� in the frequency range
between 10 � Hz and 500 MHz even at temperatures where
the relaxation frequency of the � process is very large. We
have found a dielectric relaxation process �ultraslow process,
USP� with the relaxation time much larger than that of the �
process �7�. The relaxation frequency depends on the mo-
lecular size systematically and shows non-Arrhenius tem-
perature dependence. The relaxation strength of the USP de-
creases with time. On the basis of these experiments, we will
consider the origin of the USP.

II. EXPERIMENT

Crystal powders of xylitol �C5H12O5�, sorbitol �C6H14O6�
and absolute liquid glycerol �C3H8O3� were purchased from
Kishida Chemical. In the case of pure sorbitol and xylitol,
the samples of powder were annealed at the temperature near
the melting temperature for 24 h in a vacuum chamber to
remove the impurities, especially moisture. In the case of
sorbitol-xylitol mixtures, powder of sorbitol and xylitol were
mixed before the annealing. We prepared three samples for
the mixtures with different mole fraction of xylitol, x �x
=0.3,0.5,0.7�. In the case of glycerol, we used absolute
glycerol, without further purification. All the samples pre-
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pared in a way just described above were quenched to the
temperature for the measurement in the dielectric cell.

We have measured the complex permittvity of sorbitol,
xylitol and the mixtures in the frequency range between
10 � Hz and 500 MHz at temperatures between 250 and
346 K, and that of glycerol from 1 Hz to 1 MHz at
258–299 K. In order to cover the wide frequency range, four
different measuring systems were used. From
10 � Hz to 0.3 Hz, a time-domain spectrometer was em-
ployed. A step-like voltage, which is produced by a computer
with digital-analog converter and a high-speed power ampli-
fier �NF2010�, is applied to a three-terminal parallel-plate
capacitor filled with the sample. Corresponding charging and
discharging currents were measured by an electrometer
�KEITHLEY 6521�. The complex permittivity is obtained
from the Fourier transform of the voltage and the current
data with time. From 0.1 to 100 Hz, a fast Fourier transform
analyzer �HP35670A� and a current amplifier �KEITHLEY
428� were employed using the same parallel-plate sample
cell. We used a LCR meter �HP4284A� and the same parallel-
plate sample cell as a four-terminal circuit between 20 Hz
and 1 MHz. From 1 MHz to 500 MHz, a network analyzer
�HP4195A� was used with the transmission line method. A
coaxial sample cell is located at the end of a coaxial line. The
values of the complex permittivity were obtained from re-
flection measurements. Below 1 MHz, the cryostat with the
sample cell is set in a bath filled with mixture of water and
ethylene glycol. Temperature of the cell was controlled
within 0.05 K. Above 1 MHz, the temperature of the cell
inserted into water jacket was controlled within 0.1 K.

III. RESULTS

A. Glycerol

Complex permittivity of glycerol at 279 K is shown in
Figs. 1�a� and 1�b�, respectively. These figures indicate that
the low frequency side of the � process is observed in the
frequency range between 10 kHz and 1 MHz. On the other
hand, the contribution of the dc conductivity generally
emerges in only the imaginary part of the complex permit-
tivity and is expressed by

F�
*��� =

�

i�
. �2�

It is clear that Fig. 1�b� shows large effect of the dc conduc-
tivity in the low frequency region. The contribution is evalu-
ated in terms of Eq. �2� as is shown in the same figure with
dashed line. Finally, in Fig. 1�c�, plots of ����� are shown
after subtraction of the components of F�

*���. Judging by
Fig. 1�c�, there are three relaxation processes in the measured
frequency range and these are assigned to the electrode po-
larization �Felec

* ����, the � process �F�
*���� and a new pro-

cess �FUSP
* ����. We call the new relaxation process the ul-

traslow process �USP�. It has been reported that high
frequency wing �excess wing �8�� is observed on glycerol in
the higher frequency range than the � process. Within our
experimental frequency range, excess wing cannot be seen
and only the � process and the new process were evaluated

as F�
*��� and FUSP

* ���. In this case, we applied the Davidson-
Cole function �9� for the structural � process �F�

*���� �8� and
the Cole-Cole function �10� for the new process �FUSP

* ����.
The electrode polarization �Felec

* ���� is expressed by the high
frequency slope of the Davidson-Cole function. We per-
formed a best fitting procedure and the complex permittivity
of glycerol at 274 K can be described very well with the
three components. The plots of ����� and ����� in Figs. 1�a�
and 1�c� satisfy the Kramers-Kronig relationships. Therefore,

FIG. 1. �a� �����, �b� ����� of glycerol at 279 K and �c� �����
without the contribution of the dc conductivity. Solid curves in Figs.
1�a� and 1�c� are given by Eq. �3�. Dashed line in Fig. 1�b� repre-
sents the contribution of the dc conductivity.
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the complex permittivity of glycerol, whose contribution of
dc conductivity is removed, can be described in terms of Eq.
�3�

�*��� − �� = F�
*��� + FUSP

* ��� + Felec
* ��� , �3�

F�
*��� =

���

�1 + i�	��
�
, �4�

FUSP
* ��� =

��USP

1 + �i�	USP��USP
, �5�

Felec
* ��� =

��elec

�1 + i�	elec�
elec
. �6�

Parameter �� is the relaxation strength, 	 is the relaxation
time, and 
 and � are the shape parameters that represent
asymmetric and symmetric broadenings of relaxation time;
�� is the high frequency limiting permittivity and � is an
angular frequency. Equation �3� can also express the com-
plex permittivity of glycerol at all the temperatures.

B. Sorbitol, xylitol and their mixtures

Complex permittivity of sorbitol-xylitol mixture �x=0.7�
at 260 K is shown in Figs. 2�a� and 2�b�, respectively. The
contribution of the dc conductivity is not observed with a
time-domain spectrometer from 10 � Hz to 0.3 Hz �11�. The
contribution of the electrode polarization is negligible for
this system at this temperature. As we have already reported
�3–6�, the � process can be described well by using the
Havriliak-Negami function �12� and the slow � process by
Cole-Cole function on sorbitol-xylitol mixtures. It is clear
that the � process and the slow � process are observed in
Figs. 2�a� and 2�b�. In addition to these processes, there is
another relaxation process at the lower frequency range of
the � process. Thus, we again chose the Cole-Cole function
for the USP as we did for the glycerol. In this case, the
corresponding formula for Eq. �1� without Felec

* ��� and
F�

*��� is given by

�*��� − �� = F�
*��� + F�

*��� + FUSP
* ��� . �7�

F�
*��� =

���

�1 + �i�	�����
�
. �8�

F�
*��� =

���

1 + �i�	����
. �9�

The parameter 
 and � in Havriliak-Negami function are
shape parameters that represent asymmetric and symmetric
broadening of relaxation time. The complex permittivity of
all the samples on sorbitol-xylitol mixtures can be described
very well with Eq. �7�.

C. Relaxation frequency

Figure 3 shows the Arrhenius diagram of the USP for all
the materials. The relaxation frequency fm is plotted against

reciprocal temperature. It is clear that the relaxation fre-
quency shows non-Arrhenius temperature dependence from
the diagram. It should be pointed that the loci for the USP
depend on molecular weight systematically. Figure 4 shows
the relation between the USP and other processes �the �

FIG. 2. �a� ����� and �b� ����� of sorbitol-xylitol mixture
�x=0.7� at 260 K. Solid curves are given by Eq. �7�.

FIG. 3. Arrhenius diagram of the USP in all the samples. Solid
curves are just guide for eyes.
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process and the slow � process� on sorbitol-xylitol mixtures
�x=0.3,0.7�. This figure indicates the USP approaches the �
process with decreasing the temperature.

D. Time dependence of the ultraslow process

Although the experimented values of the relaxation time
are reproducible for each measurement, we could not get
good reproducibility for ��. The most worse case was for
glycerol. Therefore, we measured the time dependence of the
USP on glycerol at 264, 274, and 293 K. Figures 5�a� and
5�b� show the time dependence of the complex permittivity
at 274 K. The contribution of the dc conductivity is removed
in Fig. 5�b�. The initial time was chosen to be the time when
the first measurement was made. It is clear from these figures
that �� of the USP decreases with time. The dielectric relax-
ation parameter of this measurement was obtained by the
same procedure as we already explained in the previous sec-
tion. According to this result, we conformed that the relax-
ation frequency fm does not change with time. Figures 6 and
7 show the behavior of ���t� /��initial and symmetric shape
parameter � with time. In Fig. 6, we employed an exponen-
tial function �10� to estimate the rate of decrease of �� in
time

���t� = A exp�−
t

	relax
	 . �10�

It was found that this function works very well only for the
short time region as is indicated in Fig. 6. Therefore, we can
roughly estimate the rate of decrease, 	relax. The estimation
indicates that 	relax is the order for 10 000 seconds and higher
temperature gives smaller value of 	relax. Figure 6 also shows
the deviation, in the long time region, of ���t� from the
function �10� determined by using data in short time region.

IV. DISCUSSION

According to the fact that ���t� decreases with time, the
USP is considered to be essentially a nonequilibrium phe-

nomenon. The relaxation frequency of the USP depends on
the molecular weight systematically. And temperature depen-
dence of the relaxation frequency fm of the USP follows a
non-Arrhenius manner. Moreover, temperature dependence
of fm of the mixtures shows intermediate behavior between

FIG. 4. Arrhenius diagram of sorbitol-xylitol mixtures �x=0.3
�solid symbols� and x=0.7 �open symbols��. Solid curves are just
guide for eyes.

FIG. 5. Time dependence of ����� and ����� of glycerol at
274 K. The values of ����� do not contain the effect of the dc
conductivity.

FIG. 6. Time dependence of ���t� /��initial for glycerol at 264,
274, and 293 K. Solid line represents the best fit results of Eq. �10�
for ���t� /��initial using data in the short time range. The dotted line
describes the deviation of long time behavior of ���t� /��initial from
that of short time behavior.
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sorbitol and xylitol as is indicated in Fig. 3. These features of
the USP are very similar to that of the � process.

Recently, Papadopoulos et al. �13� have reported a dielec-
tric relaxation process with the relaxation time larger than
that of the structural � process on poly�2-vinylpyridine�. The
relaxation time of the process is slower than that of the �
process by three orders and depends on the molecular weight
of the polymer systematically. The loci of the process follow
a Vogel-Fulcher-Tammann �14–16� manner and have the
same T0 parameter, which is the ideal glass temperature, as
that of the � process. In our measurement, we have not ana-
lyzed the loci of the USP in detail because of the limitation
in the frequency range due to the experimental difficulties.
However, the basic features of the slower process are very
similar to those for the USP.

Even the slower process reported on P2VP is similar to
the USP on polyhydric alcohols in our study, time depen-
dence of the relaxation strength has not been reported on the
P2VP, unlike glycerol. According to our experiments on the
sorbitol and xylitol, the time dependence of the relaxation

strength could not be observed clearly. This situation indi-
cates that the relaxation strength of the USP for larger mol-
ecules does not change very much with time or the rate of
the change is too slow to be observed in our experimental
time scale. This consideration is consistent with the fact that
such time dependence is not observed for polymeric materi-
als.

Fischer and his co-workers have reported a slow mode in
the low molecular weight and polymeric glass-forming liq-
uids from their scattering measurements �17–24�. The inten-
sity of light and x-ray scattering in the small q region is
much higher than the value expected for a simple liquid and
the excess intensity is caused by long-range density fluctua-
tion. According to static light scattering measurements the
correlation lengths are ten to several hundreds nanometers,
which are much longer than the length corresponding to the
� process being suggested from recent works �25–27�. This
fact is consistent with the behavior of the USP. They ex-
plained the long-range density fluctuation with the spatial
heterogeneities in liquid. It is very important to study the
relations between Fischer’s concept and the origin of the
USP.

V. CONCLUSION

Another process, the ultraslow process �USP�, in addition
to the structural � process and the slow � process, was ob-
served in supercooled polyhydric alcohol systems. The USP
emerges at much lower frequency range than the � process.
The relaxation time of the USP shows non-Arrhenius tem-
perature dependence and depends on the molecular size sys-
tematically. The USP approaches the � process with decreas-
ing temperature. On glycerol, the dielectric relaxation
strength decreases exponentially with time and the decreas-
ing rate changes according to the temperatures for the early
time region. The rate of decrease deviates halfway from the
exponential function. Another exponential function is applied
to the late time region. The order of the decreasing rate
changes from 10 000 to 100 000 s when the relaxation
strength becomes small, around 1.0.
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