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1. Introduction

Since about 200 years, starting with the pio-

neering work of Fraunhofer, non-crystalline ma-

terials are an object of scientific investigation and a

lot has been learned about the glassy state of

matter in this time. However, one has to state that

we are still far from a thorough microscopic un-

derstanding of the rich phenomenology of glassy

systems and while a variety of different theoretical
approaches has appeared, by no means a general

accord has been reached. Maybe the most chal-

lenging task is to understand the microscopic dy-
namics underlying the glass transition, with its

tremendous, yet continuous slow down of molec-

ular kinetics when a liquid transforms into a glass.

During recent years, dielectric spectroscopy has

proven an important technique for the investiga-

tion of this dynamics and dielectric investigations

of glass-forming liquids have contributed signifi-

cantly to our understanding of the glass transition
[e.g., 1–13]. The exceptionally broad time/fre-

quency window, accessible with this method,

makes it an ideal tool to follow the many decade

change of molecular kinetics at the glass transi-

tion. Moreover, as we have learned due to the

experimental progress of recent years, glass-form-

ing materials show a rich variety of dynamic pro-
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cesses in addition to the structural a-relaxation,
which determines, e.g., the viscosity. These addi-

tional contributions, like high-frequency wing or

boson peak, have attracted considerable interest in

recent years and the understanding of their mi-

croscopic origin is often considered as a prereq-
uisite for a thorough understanding of the glass

transition and glass state. All these processes can

be investigated by broadband dielectric spectros-

copy. In order to achieve a coupling of the mo-

lecular kinetics to the probing field, the

experiments are typically performed either on non-

conducting dipolar or on ionically conducting

glass-forming liquids. Usually materials with sim-
ple molecular structure, high glass-forming ability,

and the glass temperature Tg in a convenient

temperature range are chosen. In the present work

we will show results on some prototypical mate-

rials, obtained in an exceptionally broad frequency

range. Thereby we will give an overview of the

typical glassy dynamic behavior showing up in

dielectric spectroscopy. Especially we will con-
centrate on the a-relaxation and its phenomenol-

ogy and on the so-called excess wing, which shows

up as an excess contribution at frequencies beyond

the a-relaxation and whose true origin has been

revealed only recently [12].

2. Glassy kinetics revealed by dielectric spectro-
scopy

Fig. 1 schematically depicts the typical broad-

band dielectric loss spectra of non-conducting

glass-forming materials, demonstrating the most

common contributions from different dynamic

processes for two prototypical cases [13,14]. In

most dielectric experiments, essentially the reori-
entational dynamics of dipolar molecules, cou-

pling to the structural rearrangement processes is

detected. The a-process then leads to a dominant

loss peak at mp � ms ¼ 1=ð2phsaiÞ, with hsai the

average a-relaxation time. Fig. 1 shows the situa-

tion near Tg, with the a-peak situated at a rather

low frequency. With increasing temperature it will

rapidly shift to higher frequencies. For most glass
formers the loss peaks are broader than expected

from Debye theory, which presumes an exponen-

tial time-dependence of the a-relaxation process.

This finding is commonly ascribed to a distribu-

tion of relaxation times, caused by variations of

the local environment of the relaxing entities [15].

In addition, saðT Þ usually deviates significantly
from Arrhenius behavior. The temperature de-

pendence of sa is one of the most important in-

formations concerning the dynamics of glass-

forming materials and can be evaluated within

various theoretical and phenomenological frame-

works.

If mobile charge carriers are present, conduc-

tivity contributions lead to a divergence of the loss
e00ðmÞ for low frequencies, as e00 � r0=m, with r0 the

real part of the conductivity. Conductivity con-

tributions are not shown in Fig. 1, i.e. the situation

for a completely insulating glass former is de-

picted. For ionically conducting glass formers the

conductivity contribution becomes dominant and

can completely suppress the other features in the

Fig. 1. Schematic view of the frequency-dependent dielectric

loss in non-conducting glass-forming materials as observed in

extremely broadband measurements [13,14]. Two typical cases

are shown, namely the response of glass-formers showing an

excess wing (a) and of glass-formers with a well-resolved b-re-
laxation peak (b). The contribution of an additional fast pro-

cess in the minimum region preceding the boson peak is

indicated by the hatched area.
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spectra (if present). In these materials the con-

ductivity directly reflects the translational kinetics

of the molecules, which is closely linked to the a-
relaxation. Indeed for many ionically conducting

glass-forming liquids the temperature dependence

of the dc conductivity parallels that of the a-re-
laxation time, at least at high temperatures. Di-

electric results on ionically conducting materials

often are represented in terms of the frequency-

dependent complex conductivity and analyzed

within theoretical models for hopping conductivity

of ionic charge carriers (e.g., [16,17]). But for

ionically conducting glass-formers also a com-

pletely different approach is often used: In [18] a
variety of arguments were put forward in favor of

the employment of the dielectric modulus,

M	 ¼ 1=e	 (e	 the complex dielectric permittivity),

to gain information on the a-relaxation process in

ionically conducting glass-formers. The spectra of

the imaginary part M 00ðmÞ reveal quite a similar

behavior as e00ðmÞ of non-conducting glass formers,

namely a peak whose properties resemble those of
the a-peak observed in e00ðmÞ. From the position of

the modulus peak the so-called conductivity re-

laxation time sr can be determined, which is be-

lieved to be a characteristic time for molecular

motion in ionically conducting glass formers and

indeed, at least for high temperatures, often is

found to follow the a-relaxation time determined

by other methods. However, it has to be men-
tioned that there is an ongoing controversy con-

cerning the physical meaning of this representation

(see, e.g., [19]). Also one has to be aware that in

most ionically conducting glass-formers, at lower

temperatures the ionic motion becomes increas-

ingly decoupled from the structural relaxation

processes. In this regime the conductivity relax-

ation time deviates markedly from the structural
a-relaxation time.

In addition to the a-relaxation, a variety of

other features show up in broadband dielectric

spectra of supercooled materials. At frequencies

some decades above mp in many glass-formers an

excess contribution to the high-frequency flank of

the a-peak is observed (Fig. 1(a)) [3,6,20–22]. This

‘‘excess wing’’ can be reasonably well described by
a second power law, e00 � m
b with b < b, in addi-

tion to the power law m
b, commonly found at

m > mp [3,20–23]. Some theoretical explanations for

its occurrence have been proposed in [24–26] and

intriguing scaling properties of a-peak and excess

wing were reported in [6]. However, yet no con-

sensus on the microscopic origin of this phenom-

enon has been reached.
In many glass-forming materials, a slow b-re-

laxation shows up as indicated in Fig. 1(b).

Sometimes intramolecular motions are held re-

sponsible for b-relaxations, but Johari and Gold-

stein [2,27] demonstrated that secondary

relaxation processes also show up in relatively

simple molecular glass-formers, where intramo-

lecular contributions seem unlikely. This led to the
notion that these so-called Johari–Goldstein b-re-
laxations may be inherent to glass-forming mate-

rials in general [2,27]. However, the microscopic

processes behind this kind of b-relaxations are still
controversially discussed. Until recently, it was

commonly assumed that the excess wing and the

Johari–Goldstein b-relaxations are due to different

processes [6,28] and even the existence of two
classes of glass-formers was suggested [28] – ‘‘type

A’’ without a b-process but showing an excess

wing (corresponding to Fig. 1(a)) and ‘‘type B’’

with a b-process (Fig. 1(b)) [29]. However, it also

seems possible that excess wing and b-relaxation
are due to the same microscopic process as con-

sidered in several publications [3,30–35]. Indeed

recently some strong experimental hints have
emerged that the excess wing is simply the high-

frequency flank of a b-peak, hidden under the

dominating a-peak [12].

At some THz a further loss-peak shows up that

can be identified with the so-called boson peak

known from neutron and light scattering (see, e.g.,

[36]). The boson peak is a general feature of glass-

forming materials and corresponds to the com-
monly found excess contribution in specific heat

measurements at low temperatures and a variety of

theoretical explanations have been proposed, to

account for its occurrence.

Between the a-peak and the boson peak, obvi-

ously a minimum in e00ðmÞ must exist, corroborated

by the findings in a variety of scattering experi-

ments. Until recently, the relevant frequency
region of about 10–100 GHz laid just at the high-

frequency edge of the range available even in very
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well-equipped dielectric laboratories (but, see, e.g.,

[4,5]). However, recent experimental advances en-

abled to obtain continuous dielectric spectra on

glass-forming materials extending well into the

relevant region [10,11,13,37]. In accordance with

light and neutron scattering results (e.g., [36]),
these high-frequency measurements reveal the

presence of a fast process, sometimes termed ‘‘fast

b-process’’, as indicated by the hatched area in

Fig. 1 [10,11,13,35,37]. Contributions from a fast

process in this spectral region were predicted by

the mode coupling theory (MCT) of the glass

transition [38,39], which currently is the most

promising, but also most controversially discussed
theoretical approach of the glass transition. In

MCT the fast process can be roughly ascribed to

the ‘‘rattling’’ movement of a particle in the tran-

sient ‘‘cage’’ formed by its neighbors. Also other

explanations of these fast contributions may be

possible (e.g., [25]). Finally, in the infrared region

various resonance-like features can be expected

which are due to phonon-like modes and vibra-
tional and rotational excitations of the molecules.

3. Experimental

To record the real and imaginary parts of the

dielectric permittivity in a broad frequency range,

the combination of a variety of different tech-
niques is necessary. In general, at low frequencies,

m6 2 GHz, the samples are prepared in parallel-

plate capacitor geometry. Up to several 10 MHz,

essentially the capacitance and conductance of the

sample are measured directly. In this region time-

domain techniques [40], frequency response anal-

ysis, and autobalance bridges are used. Between 1

MHz and about 10 GHz, the coaxial reflection
method is most appropriate. Here the sample is

connected to the end of a coaxial line, thereby

bridging inner and outer conductors [41]. The de-

vices (impedance or network analyzers) measure

the complex reflection coefficient or perform a di-

rect current–voltage measurement. At frequencies

up to 30 GHz measurements are taken in trans-

mission geometry: A network analyzer measures
the transmission properties of a coaxial line, filled

with the sample material.

The region between some 10 and some 100 GHz

is difficult to access and therefore only rarely in-

vestigated. Here the free-space technique can be

used where the electromagnetic wave, generated by

a monochromatic source, propagates through ‘‘free

space’’ (i.e., is unguided) and is detected by a suit-
able detector after passing (or being reflected by) the

sample. In principle, setups as known from optical

spectrometers can be applied. The Mach–Zehnder

interferometer [42] allows to measure the frequency

dependence of both, the transmission and the phase

shift, of a monochromatic electromagnetic beam

through the sample. The frequency range up to 1.2

THz is covered continuously by 10 tunable narrow-
band backward-wave oscillators (BWOs). In the

frequency region between several 100 GHz and

optical frequencies, commercially available infrared

spectrometers are used. Here usually the determi-

nation of the phase shift is not possible and a Kra-

mers–Kronig transformation has to be applied to

deduce the complex dielectric permittivity.

For cooling and heating of the samples, a closed
cycle refrigerator, a nitrogen gas-heating system,

and various ovens are used. For the aging experi-

ments, the samples were kept at a fixed tempera-

ture for up to five weeks in the closed-cycle

refrigerator system. The samples were cooled from

a temperature about 20 K above Tg with the

maximum possible cooling rate of about 3 K/min.

The final temperature was reached without any
temperature undershoot. As zero point of the ag-

ing times reported below, we took the time when

the desired temperature was reached, about 200s

after passing Tg. The temperature was detected by

a Platinum sensor, inserted into one capacitor

plate and kept stable within 0.02 K during the

measurement time of up to five weeks.

For more details on experimental setups and
sample preparation the reader is referred to

[12,13,41–45].

4. Results and discussion

4.1. Dielectric spectra of glass forming materials

Fig. 2 shows spectra of the dielectric constant e0

and the dielectric loss e00 of glass-forming glycerol
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for various temperatures, extending over nearly 19

decades of frequency [10,12–14,45,46]. Glycerol

belongs to the group of low molecular-weight or-

ganic glass-formers and due to its very low crys-
tallization tendency and convenient glass

temperature ðTg � 185 K) is one of the most

thoroughly investigated glass-forming materials.

The loss spectra (Fig. 2(b)) follow the schematic

behavior of Fig. 1(a). By changing the temperature

by about a factor of two, the typical asymmetri-

cally shaped a-relaxation peaks shift by 14 decades

of frequency. This mirrors the dramatic slowing
down of the structural a-dynamics during the

transition from the low-viscosity liquid to the

glass. The loss peaks are accompanied by relax-

ation steps in e0ðmÞ as seen in Fig. 2(a). The a-re-
laxation will be treated in more detail in the next

section. At frequencies m > mp; e00ðmÞ follows a

power law e00 � m
b. At higher frequencies devia-
tions from this power law occur: For low tem-

peratures, T 6 253 K, an excess wing shows up as

second power law, m
b with b < b before the min-

imum region is reached. Its slope increases with

increasing temperature and at high temperatures it

seems to merge with the a-peak. More details on

the excess wing will be given in Section 4.3.

In the GHz–THz frequency region a minimum
in e00ðmÞ is observed. With decreasing temperature,

its amplitude and frequency position decreases and

it becomes significantly broader. The minimum is

Fig. 2. Frequency dependence of the real and the imaginary parts of the dielectric permittivity in glycerol at various temperatures

[10,12–14,35,45,46] (to keep the figure readable, at high frequencies not all data point are shown; especially in the THz region results

are shown for two temperature only). The sub-Tg curve at 179 K was measured in thermal equilibrium after five weeks aging time [12].

The lines are fits of the region near mp with the CD function, performed simultaneously on e0 and e00.
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too shallow to be explained by a simple superpo-

sition of a-peak/excess wing and the boson peak

that shows up around THz, which clearly indicates

contributions from a fast process in this region

[10,13,35,47]. In earlier measurements a high-fre-

quency minimum in e00ðmÞ, theoretically predicted
by the MCT, could not be detected, mainly due to

the restricted frequency range covered [3,48,49].

This even led to the conjecture that there might be

no minimum at all [5,48–50]. However, the pres-

ence of this minimum in various glass-formers is

now well established [10,11,13,35,37,45] and for a

variety of materials it was shown that in many

aspects it follows the predictions of MCT
[10,11,13,35,47,51,52].

In Fig. 2(b), in the THz region of e00ðmÞ a peak

shows up (to keep the figure readable, it is only

shown for 184 K), a feature that is known from

various earlier dielectric measurements of glass-

forming materials [53]. The peak frequency is

temperature independent within the experimental

error; its amplitude increases weakly with tem-
perature. Corresponding to the peak in e00ðmÞ, e0ðmÞ
exhibits a step-like decrease near 1 THz (Fig. 2(a)).

For 363 K no minimum and no peak but only a

shoulder is detected, due to the close vicinity of a-
and THz-peak. This peak is located at about the

same frequency as that found in the susceptibility

determined from light and neutron scattering ex-

periments [36] and thereby can be identified with
the boson peak. A more detailed discussion of the

boson peak can be found in [13,14]. Finally at

frequencies around 10 THz some resonance-like

features appear, which mark the onset of the re-

gime of intramolecular excitations.

To give an example of the typical dielectric re-

sponse of ionically conducting glass formers, in

Fig. 3(a), e00ðmÞ for ½CaðNO3Þ2�0:4½KNO3�0:6 (CKN,
Tg ¼ 333 K) is shown for 379 K. The dielectric loss

spectrum of this widely investigated material

shows no indication of a a-relaxation peak. In-

stead it is dominated by a huge increase towards

low frequencies. This behavior can be ascribed to

conductivity contributions from ionic transport.

If, e.g., a frequency-independent conductivity,

rðmÞ ¼ rdc, is assumed, e00 � rdc=m is expected. At
the lowest frequencies the high-temperature curves

show a transition to a weaker frequency depen-

dence. This is a common behavior for ionic con-

ductors and ascribed to electrode polarization

effects (‘‘blocking electrodes’’) [18,54]. Only above

GHz, e00ðmÞ resembles the behavior in glycerol (Fig.

2(b)) showing a rather shallow minimum (the

measurements do not extend into the boson-peak
region).

Such data often are analyzed in terms of the

conductivity, r0 � e00=m, as demonstrated in Fig.

3(b). Here the solid line is a fit of the region up to 1

GHz using the so-called Universal Dielectric Re-

sponse (UDR) ansatz [55]: r0 ¼ rdc þ r0ms; s < 1.

The sublinear ms power law is often ascribed to

hopping conduction of localized charge carriers
and there are various theoretical models of ionic

conductivity predicting an approximate ms behav-
ior (e.g., [16,17]). Above GHz frequencies, devia-

tions of fit and experimental data show up and a

Fig. 3. Dielectric response of CKN at 379 K in three repre-

sentations, namely dielectric loss (a), real part of conductivity

(b), and imaginary part of dielectric modulus (c) [11,14,35,44].

The solid line in (b) is a fit of the region 100 Hz–3 GHz with the

UDR [55], r0 ¼ rdc þ r0ms (s ¼ 0:65). The dashed line demon-

strates a superlinear increase ðr0 � m1:2Þ for the highest fre-

quencies.
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slightly superlinear increase is approached,

indicated by the dashed line. Such a behavior is

also often observed in ionically conducting

materials and was termed ‘‘second universality’’

or ‘‘nearly constant loss’’ (e.g., [56]). However,

the development of a microscopic understanding
of this phenomenon is still in its beginning

stages.

As mentioned in Section 2, a completely dif-

ferent way of analysis is given by the modulus

formalism [18]. In Fig. 3(c) the imaginary part of

the dielectric modulus M 00 is shown for CKN

at 379 K. It shows a peak, closely resembling the

a-peak in the dielectric loss of non-conducting
glass-formers. Electrode polarization leads to

small deviations at m � 1=ð2psÞ and very low

values of M 00 only. Also in M 00ðmÞ a minimum at

high frequencies is observed.

It certainly is a unsatisfying situation that di-

electric results on ionically conducting glass

formers are treated in literature according to quite

different approaches: the conductivity representa-
tion is usually preferred by scientists interested

mainly in ionic hopping conductivity and the

modulus formalism is mainly used by those inter-

ested in glassy dynamics. Here we cannot solve this

ambiguity, but at least it may be mentioned that in

CKN the conductivity relaxation times evaluated

from M 00 at high temperatures closely follow the a-
relaxation times obtained from mechanical exper-

iments [44]. In addition, modulus spectra in ioni-

cally conducting glass-formers closely resemble the

loss spectra of non-conducting molecular glass-

formers as demonstrated in Fig. 4 for CKN

(compare to Fig. 2(b)). Prominent asymmetrically

shaped a-peaks show up strongly shifting through
the frequency window with temperature. There are

also some indications for an excess wing, however

less well pronounced than, e.g., in glycerol (Fig.

2(b)), but this may be partly due to the lower

resolution of the measurements. At high frequen-

cies in the GHz range a minimum is observed,

exhibiting quite similar characteristics as the e00ðmÞ
minimum of glycerol. Also for CKN, the mini-
mum region reveals clear indications for additional

contributions due to a fast dynamic process

[11,35].

In the following we will discuss the results on

a-relaxation and excess wing in some more

detail. For a detailed discussion of the high-

frequency response, including minimum and

boson peak the reader is referred to earlier
work from our and other groups [10,11,13,14,

23,25,37,47,51,52].

4.2. The a-relaxation

The a-peaks in both, glycerol (Fig. 2(b)) and

CKN (Fig. 4), show marked deviations from De-

bye behavior, which is predicted for monodisper-

Fig. 4. Imaginary part of the dielectric modulus of CKN for various temperatures [35,44]. The lines are fits of the a-peaks with the CD

function.
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sive exponential relaxation processes. This can be

directly inferred from their significant asymmetry

and their width being larger than the Debye value

of 1.14. For the description of the a-peak usually

empirical functions are employed. In glass-forming

materials, the Cole–Davidson (CD) function [57] is
often used, which for the complex dielectric per-

mittivity e* is given by

e	 ¼ e1 þ es 
 e1

ð1þ i2pmsÞbCD
: ð1Þ

Here es and e1 are the low and high frequency

limits of the dielectric constant and bCD is a width

parameter. For m»mp the loss calculated from Eq.

(1) follows a power law with an exponent equal to


bCD. For bCD ¼ 1 the Debye response is recov-

ered. As shown by the solid lines in Figs. 2 and 4,
for glycerol and CKN good fits of the experi-

mental data are possible with Eq. (1). Alterna-

tively, often also the Fourier transform of a

stretched-exponential decay is employed, but in

glycerol and CKN and also in other glass-forming

materials investigated by us, those fits are of

somewhat lower quality [10,35,45,47]. However,

various theoretical models for the relaxational
dynamics of glass-forming materials indeed predict

a shape of the a-peaks similar to that of a KWW

response [58].

As the broadening of the experimentally ob-

served a-peaks can be ascribed to a distribution of

(Debye-) relaxation times, an average relaxation

time can be calculated, which for the CD function

is given by hsi ¼ bCDsCD. The corresponding re-
laxation rate, ms ¼ 1=ð2phsiÞ, is virtually identical

to the peak frequency mp. In Figs. 5 and 6 we show

mpðT Þ for glycerol and CKN, respectively. As

commonly found for most glass-forming liquids,

for both materials the msðT Þ curves deviate signif-

icantly from thermally activated behavior leading

to a pronounced curvature in the Arrhenius rep-

resentations of Figs. 5 and 6. In addition for CKN
at Tg a clear break in slope of the msðT Þ curve

shows up (Fig. 6). Below Tg the mobile ions move

in an environment essentially frozen on the time-

scale of the experiment, leading to a temperature-

independent mean activation energy. But also

close to Tg a decoupling of the detected ionic mo-

tion and the structural a-relaxation can be stated:

Here ms is not equal to about 10
3 Hz as would be

expected from the usual definition of Tg by the

relation sðTgÞ ¼ 100 s [44]. For both materials at

T > Tg, as in most glass formers, msðT Þ can be
parameterized using the Vogel–Fulcher–Tammann

(VFT) equation (Figs. 5(a) and 6(a)) [59]:

ms ¼ m0 exp

DTVF
T 
 TVF

� �
ð2Þ

with TVF ¼ 124 K for glycerol and 289 K for CKN

[35]. The VFT law has a theoretical foundation in

various theoretical models, e.g., the Adam–Gibbs

theory [58,60] and the free volume theory [61,62].

Some high-temperature deviations from VFT be-

havior show up in glycerol, as observed in other
glass-formers too and a transition to Arrhenius

behavior may be suspected (dashed line) [63,64].

The transition temperature was sometimes inter-

preted as temperature, below which the poten-

tional energy landscape becomes important. In the

Fig. 5. Temperature dependence (Arrhenius representation) of

the a-relaxation rate of glycerol as determined from simulta-

neous fits of e0ðmÞ and e00ðmÞ with the CD-function (Fig. 2) [35]:

(a) solid line: fit for T < 285 K with VFT behavior [Eq. (2)],

dashed line: high-temperature Arrhenius behavior; (b) fit with

EFV theory; (c) fit with FLD theory; (d) fit for T > 280 K with

idealized MCT. Information on the fit parameters can be found

in [35].
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(b)–(d) parts of Figs. 5 and 6 we perform an

analysis analogous to that presented earlier for

glass-forming propylene carbonate (PC) in [47],

fitting the experimental data to three different

theoretical predictions. The models under consid-

eration are the extended free volume (EFV) theory

[62], the frustration-limited domain (FLD) theory
[26,65] and the MCT, in its simplest version, the

so-called idealized MCT [38,39]. For a brief dis-

cussion of the physical background of these theo-

ries the reader is referred to [47]; detailed

information can be found in the references given

above. Similar to our findings for PC, both EFV

and FLD theory lead to fits of comparable quality.

The MCT is able to describe the experimental data
at high temperatures only, a behavior that can be

understood within extended MCT, considering

thermally activated hopping processes becoming

important at low temperatures [38,39].

In Fig. 7(a) the width parameter of glycerol is

plotted. A value bCD ¼ 1 would imply a single

relaxation time for all molecules. At high tem-

peratures bCDðT Þ tends to saturate at a value

below unity. This is in contrast to the plausible

notion that deep in the liquid state, due to the
fast thermal fluctuations, each relaxing entity

‘‘sees’’ the same environment, leading to a mono-

dispersive response. In CKN the width parameter

of the modulus peaks even decreases with tem-

perature [35]. The relaxation strength De of

glycerol increases with decreasing temperature

(Fig. 7(b)). De, determined by dielectric spectro-

scopy of dipolar materials is often affected by
dipolar interactions. Usually the dipolar interac-

tions lead to a strong increase of De with de-

creasing temperature, characterized by a Curie

behavior, De � 1=T , which can be explained in

the framework of the Onsager theory [66]. How-

ever for glycerol DeðT Þ can be parameterized by a

Curie–Weiss-like temperature dependence with a

characteristic temperature of 97 K but also other
descriptions may be possible. In CKN the am-

plitude of the modulus peaks is nearly constant

[35].

Fig. 6. Temperature dependence (Arrhenius representation) of

the a-relaxation rate of CKN as determined from fits of M 00ðm)
with the CD-function (Fig. 4): (a) solid line: fit for T > 330 K

with VFT behavior [Eq. (2)]; (b) solid line: fit with EFV theory;

(c) solid line: fit with FLD theory; (d) solid line: fit for

T > 390 K with MCT. The dashed lines in (a)–(d) show a fit

with thermally activated behavior at T < Tg. Information on

the fit parameters can be found in [35].

Fig. 7. Temperature dependence of bCD (a) and 100=De (b) of

glycerol as determined from simultaneous fits of e0ðmÞ and e00ðmÞ
with the CD-function (Fig. 2). The dashed line in (a) is drawn

to guide the eye. The solid line in (b) represents a Curie–Weiss

law.
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4.3. The excess wing

As mentioned above, in the e00ðmÞ spectra of

glycerol (Fig. 2(b)) and other molecular glass

formers [3,6,20–22] a well-pronounced excess wing
shows up. The question arises if a corresponding

feature can also be seen in the modulus spectra of

ionically conducting glass formers. In CKN indeed

a weak excess wing can be suspected, especially in

the 325 K curve in Fig. 4. However its significance

is low, the curve being restricted to frequencies

<200 kHz due to the limited resolution of the

measuring devices available to us at the time of
measurement [44]. In Fig. 8 we show modulus

spectra in ½MgðNO3Þ2�0:44½KNO3�0:56 (MKN) [67],

which have been measured with better resolution,

extending up to 200 MHz also for low tempera-

tures. Indeed, especially for 338 K a well-devel-

oped excess wing is observed (dashed line).

As mentioned above, it is suggestive to assume

that the excess wing is simply the high-frequency
flank of a b-relaxation peak that itself is sub-

merged under the much stronger a-peak [12]. Of

course a-peak and excess wing can always formally

be fitted by a sum of two relaxation peaks [3,31–

33,35,68]. However, such fits cannot prove that a

relaxation process causes the excess wing. An ex-

perimental proof for a second relaxation can only

be provided by the detection of a shoulder or even
a second peak in the loss spectra. It is a well-es-

tablished experimental fact that in materials with

well-resolved b-relaxation, its time scale succes-

sively separates from that of the a-relaxation with

decreasing temperature. However, in glass formers

without a well-resolved b-peak, very low temper-

atures, below Tg, may be necessary to actually

observe this separation. But below Tg, aging effects
start to play a role. Aging occurs when the sample

has fallen out of thermodynamic equilibrium, i.e.

simply spoken, after cooling, the molecules move

so slowly that they do not reach a new equilibrium

position during reasonable observation times.

Therefore in those materials, only after very long

aging times below Tg the a-peak may have shifted

to sufficiently low frequencies for a b-peak to be-
come visible. In Fig. 9 loss spectra for glycerol and

two other molecular glass-formers, propylene

carbonate (PC, Tg � 159 K) and propylene glycol

(PG, Tg � 168 K), are shown at a temperature

somewhat below Tg for different times after

reaching this temperature [12,68]. For glycerol the

curve after maximum aging time is also shown in

Fig. 2(b). The frequency range of Fig. 9 was cho-
sen to cover the excess wing region only. The a-
peak is located at very low frequencies and in e00ðmÞ
is manifested in the somewhat steeper increase

towards low frequencies. In Fig. 9, for all materials

the typical power law, characteristic of an excess

wing, shows up for short aging times. During ag-

ing, when thermodynamic equilibrium is being

approached, the a-peak can be assumed to shift
towards lower frequencies, which can be under-

stood within the concept of the fictive temperature

[69]. This will lead to an increasing separation of a-
and b-peak and the presence of a b-peak may be-

come more clearly visible. Indeed, as can be seen in

Fig. 9, after the maximum aging times of up to five

weeks for glycerol and PC and 6.5 d for PG, the

excess wing has developed into a shoulder! (For a
consideration of the significance of the, especially

for glycerol (Fig. 9(a)), somewhat subtle curvature

in e00m) the reader is referred to [12,70].) This be-

havior found for the three materials shown in Fig.

9 and for Salol [70] so far, strongly supports the

assumption that a b-relaxation is responsible for

the excess wing in glass-forming materials.

As mentioned already, fits using the sum of two
relaxation peaks to describe a-peak and excess

wing can always be successfully performed. It is

Fig. 8. Imaginary part of the dielectric modulus of MKN for

various temperatures [67]. The lines are fits of the a-peaks with
the CD function. The dashed line indicates the excess wing.
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clear that as long as a curvature in the excess wing

region is seen, i.e. as long as the submerged b-peak
is sufficiently separated from the a-peak to show

up as a shoulder or even peak, significant infor-

mation can be gained about the parameters of the

b-relaxation, e.g., relaxation time or peak width.

However, the question arises if this is also the case

for spectra where the b-peak is so close to the a-
peak and/or of so low amplitude, that only its

high-frequency power law remains visible showing
up as typical excess wing. This scenario is valid in

the typical excess wing materials as glycerol and it

would be highly desirable to learn more about the

properties of the b-process in this class of materials

(‘‘type A’’ in [28]) and to compare these to the

well-known properties of the Johari–Goldstein-

processes in glass-formers with well-pronounced

b-peaks (‘‘type B’’). In Fig. 10, for the 213 K loss-

curve of glycerol, we show a fit (solid line), which

is composed of a simple additive superposition of a
CD function for the a-peak (dash–dotted line) and

a Cole–Cole function for the b-peak (dashed line).

The Cole–Cole function [71] was chosen, as it is

able to fit the b-peaks in most type B glass-form-

ers. Similar descriptions are possible also for the

results at different temperatures and also for the

other materials [35,68,72]. In the inset, displaying

the excess-wing region in the same scaling as the
main frame, a fit is shown with sb fixed 1� 10
8 s,

eight times lower than sb obtained from the best

fit. It is not possible to achieve a reasonable

agreement with the experimental data in this way.

The fixed lower value of sb leads to a stronger

separation of a- and b-peak and a pronounced

shoulder in the fit curve arises, which is not found

in the measured data. While it is clear that there is
quite a lot of freedom in shifting the b-peak to-

wards lower frequencies (then only its high-fre-

quency wing is ‘‘used’’ for the fits), it cannot be

indefinitely shifted to high frequencies, i.e. it is

possible to at least extract a lower limit for sb from

fits of the kind shown in Fig. 10.Fig. 9. Frequency-dependent dielectric loss of glycerol, prop-

ylene carbonate, and propylene glycol for different aging times t

(not all shown) [12,68]. The lines are drawn to guide the eyes.

After maximum aging times of about five weeks, the spectra in

PC and glycerol have been collected for an extended number of

frequencies.

Fig. 10. Frequency-dependent dielectric loss of glycerol at 213

K. The solid line is a fit with the sum of a Cole–Davidson

(dash–dotted line) and a Cole–Cole function (dotted line). In

the inset the excess-wing region is shown, with a fit where sb was

fixed to an eight times lower value than in the fit of the main

frame.
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In Fig. 11 the temperature dependence of the a-
relaxation time of glycerol is shown, together with

the b-relaxation times obtained in a similar way as

demonstrated in Fig. 10 [35,73]. The error bars

indicate the lower limit of sb as explained above.

These results and those in other type A glass-
formers [35,68] reveal a b-relaxation time that

shows significant deviations from Arrhenius be-

havior. Taking into account the error bars, it is not

possible to describe the experimental data by fixing

the values of sbðT Þ to a thermally activated Ar-

rhenius behavior. This detection of a non-Arrhe-

nius sbðT Þ is astonishing as the b-relaxation times,

determined in type B glass-formers are believed to
follow an Arrhenius behavior. Thus one may have

objections to using the term ‘‘b-relaxation’’ for the
relaxation causing the excess wing. In fact it could

be possible that there are two different kinds of

relaxations beyond the a-relaxation, which both

are inherent to glass-forming matter [74]: the Jo-

hari–Goldstein b-relaxation and the relaxation

causing the excess wing, both having different mi-
croscopic origins. From an experimental point of

view it is difficult to decide whether or not this

relaxation and the Johari–Goldstein b-relaxations
observed in type B glass formers originate from the

same microscopic process.

However, it should be remarked that there is no

principal reason that the b-process dynamics

should always show Arrhenius behavior, especially
as its microscopic origin can be regarded as un-

clarified yet. If the excess wing is indeed due to a b-
relaxation, the difference between type B and type

A glass formers may be caused just by the tem-

perature evolution of the b-dynamics: In the first

materials it is rather weak, presumably Arrhenius,

leading to a clear separation of both relaxation

times at low temperatures which thus enables a
clear detection of the b-peak. In contrast, in the

latter materials the relaxation time of the b-process
may more closely follow that of the a-process
(which is non-Arrhenius) and only the high-fre-

quency flank of the b-peak, the excess wing, is

visible (except at low temperatures after aging).

Such an uncommon temperature dependence of sb

was already suspected by Johari and Goldstein to
explain the apparent absence of a b-relaxation in

some glass-formers [2]. In addition, this scenario

seems to be consistent with the recently found

correlation of sbðTgÞ and the Kohlrausch-exponent

bKWWðTgÞ describing the width of the a-peak [75]

as discussed in detail in [68]. Finally it should be

mentioned that in [6] it was shown that it is pos-

sible to collapse dielectric spectra of various type
A glass formers, collected at different tempera-

tures, onto one master curve by an appropriate

scaling of the axes. The implications of this scaling

behavior in light of the explanation of the excess

wing by a b-relaxation, promoted in the present

work, are discussed in [12,70].

5. Summary and Conclusion

In the present work, broadband dielectric

spectra of several prototypical glass-formers, be-

longing to the group of dipolar molecular and

ionically conducting glass-formers, have been

presented thereby giving an overview over the rich

kinetic behavior of glass-forming systems. In the
dielectric-loss spectra of molecular glass formers,

as shown here for glycerol, four different contri-

Fig. 11. Temperature-dependent a-relaxation time (circles) and

b-relaxation time (squares) as determined from fits as shown in

Fig. 10. The partly dashed error bars indicate that only a lower

limit for sb can be deduced from the fits. The solid line is a fit

for T < 285 K with VFT behavior (cf. Fig. 5(a)). The dashed

line demonstrates VFT behavior also for sbðT Þ, using the same

s0 and TVF as for saðT Þ, however alternative descriptions may be

possible.
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butions can be clearly distinguished: the a-peak,
the excess wing, the minimum, and the boson

peak. Plotting the dielectric modulus spectra for

ionically conducting glass-formers (here CKN) the

same contributions seem to be present, too. These

spectral features can be attributed to four distinct
kinetic processes that seem to hallmark glassy

dynamics in general:

1. The a-relaxation, with its tremendous continu-

ous slow down when approaching Tg from the

liquid state, thereby clearly deviating from

Arrhenius behavior. The spectral shape of the

a-peaks reveals marked deviations from single-

exponential relaxation, which nowadays is com-
monly attributed to microscopic heterogeneity

effects [15].

2. The b-relaxation, causing either a well-defined

peak or shoulder or an excess wing, depending

on its closeness to the a-peak. It is suggestive

that the b-relaxations causing the excess wing

and the Johari–Goldstein relaxations observed

in type B glass-formers mirror the same kinetic
process that may be present in all glass-forming

materials.

3. The fast process showing up as an excess contri-

bution in the minimum region of e00ðmÞ or M 00ðmÞ
at GHz–THz frequencies.

4. The process leading to the boson peak, marking

fast, presumably phonon-like dynamics.

A large variety of competing microscopic ex-
planations of these processes has appeared during

recent years. None of those can take account of

the complete, very rich kinetics observed in glass-

forming materials, involving all four processes

and extending from the liquid well into the glassy

state. Consensus seems to emerge that MCT

provides a correct picture of the dynamic pro-

cesses at high temperatures, in the liquid and su-
percooled liquid state. But much work still has to

be done, e.g., to achieve an understanding of the

Johari–Goldstein b-relaxations that separate from

the a-relaxation at low temperatures. The recent

tremendous theoretical and experimental activity

in the field of glass physics gives rise to the hope

that the many open questions will be solved in

due course, finally arriving at a consistent picture
of the glass transition and dynamics in near

future.
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