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Broadband dielectric spectroscopy on glass-forming propylene carbonate

U. Schneider, P. Lunkenheimer, R. Brand, and A. Loidl
Experimentalphysik V, Universita¨t Augsburg, D-86135 Augsburg, Germany

~Received 10 December 1998!

Dielectric spectroscopy covering more than 18 decades of frequency has been performed on propylene
carbonate in its liquid and supercooled-liquid state. Using quasioptic submillimeter and far-infrared spectros-
copy, the dielectric response was investigated up to frequencies well into the microscopic regime. We discuss
the a process whose characteristic time scale is observed over 14 decades of frequency and the excess wing
showing up at frequencies some three decades above the peak frequency. Special attention is given to the
high-frequency response of the dielectric loss in the crossover regime betweena peak and boson peak. Similar
to our previous results in other glass-forming materials, we find evidence for additional processes in the
crossover regime. However, significant differences concerning the spectral form at high frequencies are found.
We compare our results to the susceptibilities obtained from light scattering and to the predictions of various
models of the glass transition.@S1063-651X~99!06406-5#

PACS number~s!: 64.70.Pf, 77.22.2d, 78.30.Ly
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I. INTRODUCTION

Despite a long history of research on the glass transi
@1#, this phenomenon is still commonly regarded as an un
solved problem. In recent years a variety of new theoret
and phenomenological approaches of the glass trans
~e.g., @2–9#! stimulated new experimental investigations
the dynamic response of glass-forming liquids~see, e.g.,
@10–20#!. Here dielectric spectroscopy has played an imp
tant role, mainly due to the broad dynamic range access
with this method~e.g.,@8,9,16–22#!. Spectra of the dielectric
loss«9 show a variety of features, the microscopic origin
most of them being still controversially discussed. Mo
prominent is thea peak associated with the well knowna or
structural-relaxation process. The comparison of the n
trivial temperature dependence of thea-relaxation time with
theoretical predictions states an important test for any mo
of the glass transition. Some decades above thea-peak fre-
quency np , an excess wing~also called ‘‘high-frequency
wing’’ or ‘‘tail’’ ! shows up as a high-frequency excess c
tribution to the power lawn2b, commonly found atn
.np . This excess wing was already noted in the early w
of Davidson and Cole@23#. It seems to be a universal featu
of glass-forming liquids~at least if ab relaxation is absent!
as can be deduced from the scaling behavior found by N
and co-workers@8#. Based on this universal scaling ofa
relaxation and excess wing, Nagel and co-workers@9# pro-
posed a divergence of the static susceptibility which ess
tially implies a constant loss behavior at high frequenc
and low temperatures as has early been predicted by W
and Angell@24#. The interest in even higher frequencies,
the GHz-THz region, was mainly stimulated by the mo
coupling theory~MCT! @2–4#, which explains the glass tran
sition in terms of a dynamic phase transition at a criti
temperatureTc significantly above the glass temperatureTg .
From neutron- and light-scattering experiments it is w
known that in the THz region the so-called boson pe
shows up in the imaginary part of the susceptibility of gla
forming liquids. For the transition region between thea pro-
cess and boson peak, MCT predicts an additional contr
PRE 591063-651X/99/59~6!/6924~13!/$15.00
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tion, now commonly termed fastb relaxation. But also other
models predict fast processes, the most prominent being
coupling model by Ngai and co-workers@5#. This transition
region was mainly investigated by neutron and light scat
ing and indeed indications for additional fast processes w
found @11,12,14,15#. The scattering results were describ
within the framework of MCT and partly good agreeme
with the theoretical results was obtained. However, the
plicability of the MCT for glass-forming liquids, especiall
at low temperatures nearTg , is still a matter of controversy
Dielectric data were scarce in the relevant high-freque
region as for classical dielectric methods the region ab
GHz is not accessible. Only recently, our group was able
obtain continuous dielectric spectra on glass-forming liqu
extending well into the submillimeter wavelength regio
@18–20,25–27#. The existence of a broad minimum in«9(n)
was found which cannot be explained by a simple crosso
from the structural (a) relaxation to the far-infrared~FIR!
vibrational response. Similar to the scattering results, c
indications for additional fast processes prevailing in t
transition region were found. For glass-forming glycerol,
combining classical dielectric spectroscopy, coaxial tra
mission, and quasioptic submillimeter and far-infrared te
niques, spectra covering 18 decades of frequency and
tending well into the THz range were obtained@27#. This
allowed for the observation of the complete dynamic
sponse including the boson peak. In addition, dielectric sp
tra up to 380 GHz were obtained in@Ca(NO3)2#0.4@KNO3#0.6
~CKN! and @Ca(NO3)2#0.4@RbNO3#0.6 ~CRN! @19,20,25#.
Both are ionically conducting, molten-salt glass formers w
relatively high fragility @28,29#, m'90 @30#. In contrast,
glycerol is a rather strong hydrogen-bonded glass form
with a fragility parameter ofm'53 @31#. In many respects
especially concerning the high-frequency response near
boson peak and the agreement of the dielectric data w
MCT predictions and with the scattering results, glycerol a
the molten salts behave qualitatively different. In order
clarify the origin of these differences and in light of th
dependence of the boson peak contribution on fragility@32#,
it seemed of interest to investigate a fragile but molecu
6924 ©1999 The American Physical Society
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PRE 59 6925BROADBAND DIELECTRIC SPECTROSCOPY ON GLASS- . . .
glass former. For this purpose we have chosen propy
carbonate~PC!, which like glycerol is a molecular glas
former, but can be characterized as a fragile (m'104 @31#!
van der Waals liquid. Preliminary results on PC in a som
what restricted frequency range have been published ea
@19,25,26#. In the present paper we present extended res
covering the complete dynamic range including the bo
peak. We address all features seen in the dielectric spe
i.e., thea response, the excess wing, the fastb-relaxation
region, and the boson peak. The results are compared w
variety of theoretical predictions and with the findings fro
other experimental methods.

II. EXPERIMENTAL DETAILS

The measurements presented in this paper have been
formed using a variety of different techniques to cover nea
20 decades in frequency. The lowest frequencies (10mHz
&n&1 kHz) were investigated in the time domain using
spectrometer that is based on a design described by Mo
@33#. The complex dielectric constant was calculated fro
the measured response function via a Fourier transforma
The autobalance bridges HP4284 and HP4285 were use
the range 20 Hz<n<20 MHz. For the radio-frequency an
microwave range (1 MHz<n<10 GHz) a reflectometric
technique was employed@34# using the HP4191 and HP429
impedance analyzers and the HP8510 network analyze
addition, at frequencies 100 MHz<n<30 GHz, data were
taken in transmission with the HP8510 network analyzer
ing 7 mm coaxial lines of various lengths~between 10 and
300 mm! filled with the sample material. Closed-cycle refri
erators, N2, and He cryostats have been used to cover
relevant temperature ranges.

At frequencies 40 GHz<n<1.2 THz a quasioptical sub
millimeter spectrometer was used with an experimental
rangement similar to a Mach-Zehnder interferometer@35#.
This setup allows for measuring the frequency depende
of both the transmission and the phase shift of a monoc
matic electromagnetic beam through the sample. The
quency range up to 1.2 THz is covered continuously by
tunable narrow-band backward-wave oscillators~BWOs!.
The signal was detected by a Golay cell or a pumped
bolometer and amplified using lock-in techniques. The liq
was put in specially designed cells made of polished stain
steel with thin plane-parallel quartz windows; depending
the range of frequency and temperature the thickness o
sample cell was between 1 mm and 30 mm. The sample
was placed in a home-made cryostat and cooled by a
tinuous flow of nitrogen gas. The data were analyzed us
optical formulas for multilayer interference@36# with the
known thickness and optical parameters of the windows
order to get the real and imaginary part of the dielec
constant of the sample as a function of frequency at vari
temperatures. At higher frequencies the samples were in
tigated with a Fourier-transform infrared spectrometer c
ering a regime from 450 GHz to 10 THz. This setup allo
the measurement of the transmission or reflection o
whereas the phase shift caused by the sample cannot b
termined.

To cover the complete frequency range, a single«9(n)
curve at a given temperature is superimposed using re
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from the various setups. The time-domain results are
tained in arbitrary units and scaled by one factor to match
autobalance bridge results. For the measurements at 1
<n<40 GHz there are some uncertainties of the abso
values originating from an ill-defined geometry of th
samples or parasitic elements. These results have been p
shifted by one scaling factor per measurement series w
led to a good match at both the low- and the high-freque
side. Typically, shifting factors of less than 20% had to
applied to obtain smooth curves. The submillimete
frequency results and, at losses«9*1, also the coaxial trans
mission measurements provide excellent absolute value
«8 and«9. The values for«9 from the infrared measuremen
were calculated consistently with the Kramers-Kronig re
tion assuming a reasonable behavior of the dielectric c
stant«8 which is almost constant in this frequency regime.
this latter case, the error bars for«9 were estimated by a
variation of the assumed«8 behavior.

As sample material, propylene carbonate (Tg5159 K
@37#, Tm5218 K) with a purity of 99.7%, was used. T
avoid crystallization, polished sample holders had to be u
in the various experiments. However, occasional crystalli
tion, mainly at temperatures around 180 K, could not
avoided completely. Therefore, some measurements w
performed after heating up toTm and direct cooling to each
measurement temperature with relatively fast cooling rate~1
K/min!.

III. RESULTS

A. a relaxation and excess wing

Figures 1 and 2 show«8(n) and «9(n) for various tem-
peratures in the whole accessible frequency range.«9(n)
~Fig. 2! exhibits the typical asymmetrically shape
a-relaxation peaks shifting through the frequency windo
with temperature. They are accompanied by relaxation s
in «8(n) as seen in Fig. 1. In most respects the data ag
well with the results of earlier dielectric investigations of P
@37–45# which were restricted to smaller frequency and te
perature ranges. However, some differences show up
the absolute values~see below!. The solid lines in Figs. 1
and 2 are fits of thea-relaxation region with the empirica
Cole-Davidson function @23#, «* 5«`1(«s2«`)/(1
1 i2pntCD)bCD, performed simultaneously for real an
imaginary part. «s and «` denote the low- and high
frequency limit of the dielectric constant, respectively.
good fit of the peak region was achieved. Very close to
maximum the loss curves can also be described by the F
rier transform of the Kohlrausch-Williams-Watts~KWW!
function @46#, F5F0 exp@2(t/tKWW)bKWW# ~dotted lines,
shown for 173 K only!. For all temperatures investigated th
KWW fit is of lower quality than the CD fit. This can be
ascribed to the fact that there is a significant difference
CD and KWW response concerning the loss-peak region.
the KWW response the curvature near the peak is reta
somewhat further above the peak frequency and a power
«9;n2bKWW is approached at significantly higher freque
cies only. Therefore, in most cases the exponentbKWW ob-
tained from the KWW fits differs significantly from the
power-law exponentb actually observed forn.np . In con-
trast, for the CD fitsbCD5b is found. Despite the fact tha
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FIG. 1. Frequency dependence of the dielectric constant in PC at various temperatures. The solid lines are fits with the CD
performed simultaneously on«9. The dotted line is a fit with the Fourier transform of the KWW function.
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the KWW function is more widely used nowadays, in t
authors’ experience dielectric loss data in glass-forming m
terials are often described much better by the CD funct
@22,26,27,47#. The inset of Fig. 2 shows the temperature d
pendence of the frequencynt51/(2p^t&) which is virtually
identical to the peak frequencynp . Here ^t& denotes
-
n
-

the mean relaxation time@48# calculated from ^t&CD
5bCDtCD for the CD function and ^t&KWW5tKWW /
bKWW3G(1/bKWW) (G denoting the Gamma function! for
the KWW function. The results from the CD~circles! and the
KWW fits ~pluses! agree perfectly well and are in accor
with previously published data@37,38,41–43,49#. nt(T)
ith the CD

.

FIG. 2. Frequency dependence of the dielectric loss in propylene carbonate at various temperatures. The solid lines are fits w
function, the dotted line is a fit with the Fourier transform of the KWW law, both performed simultaneously on«8. The dash-dotted line
indicates a linear increase. The FIR results have been connected by a dashed line to guide the eye. The inset showsnt51/(2p^t&) as
resulting from the CD~circles! and KWW fits ~pluses! in an Arrhenius representation. The line is a fit using the VFT expression, Eq~1!,
with TVF5132 K, D56.6, andn053.231012 Hz.
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shows the well known deviations from thermally activat
behavior, typical for fragile glass formers. It can be para
etrized using the Vogel-Fulcher-Tammann~VFT! equation
@50# ~line in the inset of Fig. 2; see Sec. IV A!.

In Fig. 3~a! the relaxation strengthsD«5«s2«` obtained
from the CD and KWW fits are shown. One has to be aw
that D« resulting from the fits is somewhat smaller thanD«
read off from the«8(n) data of Fig. 1. As seen in Fig. 1, th
fits overestimate«` because there is an additional decrea
of «8(n) corresponding to the excess wing contribution~see
below! which is not taken into account by the CD fits. Co
sequentlyD« shown in Fig. 3~a! presents the relaxatio
strength of thea process alone, without the excess wi
contribution.D« decreases monotonically with temperatu
which is in accord with previous reports@37,39,43#. How-
ever, the decrease found in the present work is somew
less steep than reported earlier. Unfortunately, in@43# where
a rather broad temperature and frequency range was inv
gated, no absolute values ofD« were reported. The result
from the high-frequency measurements of Payne and T
odorou@39# are compatible with our data atT.273 K except
for their lowest temperature~195 K!, where a much highe
value (D«'86) was found. However, the relaxation time
195 K reported by these authors deviates by more than
decade from that found in the present and other wo
@43,49#, which sheds some doubt upon the significance of
results at this temperature. Also from the results of Hu
et al. @41# and Angellet al. @37# near 170 K a much higher
magnitude ofD« (.100) than determined here can be re
off. The determination of the absolute values ofD« is a
difficult task as it depends on the shifting factors necess
to match results from different experimental setups and
the subtraction of possible stray capacitances inheren
some methods. We believe that due to the broad overla
the frequency ranges of the various devices used in
present work, the reproducibility of results with differe

FIG. 3. Relaxation strengthD« ~a! and width parameterb ~b! as
obtained from simultaneous fits of«8(n) and«9(n) using the CD
function and the Fourier transform of the KWW function. The so
line in ~a! has been calculated using the MCT prediction~see text!.
The solid lines in~b! indicate a linear increase.
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sample holders, and the simultaneous fitting of«8(n) and
«9(n), Fig. 3~a! gives a good estimate of the absolute val
of D«.

Figure 3~b! shows the width parameter obtained fro
both fitting procedures. BothbCD andbKWW increase nearly
linearly with temperature up to about 200 K. Above th
temperature a tendency to saturate at a value below uni
observed. This is in contrast to@43#, wherebCD(T) was re-
ported to saturate at unity for high temperatures. This d
crepancy may be due to the smaller frequency range av
able in @43#, which for high temperatures leads to
restriction of the data at the high-frequency side of the l
peaks, which is essential for the determination ofbCD. Un-
fortunately, no«9(n) data of PC are shown in@43#.

At frequencies about two to three decades abovenp , de-
viations of «9(n) from the CD fits show up. For low tem
peratures these deviations can be described as a se
power law,«9;n2b with b,b, in addition to the power law
«9;n2b constituting the high-frequency flank of thea peak.
The exponentb decreases with decreasing temperature
found previously for PC and other glass-forming materi
@45#. The excess wing is accompanied by a decrease in«8(n)
as mentioned above. It shows up as a somewhat smoo
rounding of the«8(n) curves ~compared, e.g., to the CD
behavior! when approaching«` ~Fig. 1!. For T5193 K the
exponentb has reached a value almost identical withbCD
~Fig. 2! and for 203 K the excess wing seems to have mer
with thea peak. ForT>203 K the deviations of the experi
mental data from the CD fits are due to the fast dynam
processes described in the following section.

B. Fast dynamics

At high frequencies, succeeding the excess wing for l
and the a peak for high temperatures,«9(n) exhibits a
smooth transition into a shallow minimum. Such a minimu
was earlier observed in glycerol@18,19,26,27#, Salol@19,26#,
the molten salts CKN@16,17,19,20,25#, and CRN@20#, and
the plastic crystals cyclo-octanol@47,51# and ortho-carborane
@51#. With increasing temperature, the amplitude«min and
frequency positionnmin of the minimum increases. For room
temperature the measurements have been extended int
FIR region. Here no minimum is observed, but a shoul
shows up near 1 THz. This shoulder is indicative of t
so-called boson peak or microscopic peak known mai
from neutron- and light-scattering measureme
@11,12,14,15#. Indeed, for PC the boson peak, determin
from light-scattering measurements@15#, is located just
above 1 THz. As the peak frequency and amplitude is o
weakly temperature dependent, it becomes obvious that
high-frequency flank of the«9(n) minimum is identical to
the low-frequency flank of the boson peak. The frequen
dependence in this region can be approximately describe
a power law«9;na. The exponenta increases with decreas
ing temperature and seems to approach a linear behavio
indicated by the dash-dotted line in Fig. 2. In«8(n) for these
frequencies the onset of a relaxation step correspondin
the boson peak can be seen~Fig. 1!.

In Fig. 4 we compare«9(n) with x9(n) calculated from
the light-scattering results on PC@15#. As the light-scattering
results give no information on the absolute values of«9, the
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datasets have been scaled to yield a comparable height o
boson peak. While the dielectric results in PC are qual
tively similar to the light-scattering results~succession ofa
peak, minimum, and boson peak!, quantitative differences
show up: Thea peak is located at a significantly lower fre
quency and the ratio of the amplitudes of thea and the boson
peak is higher for the dielectric measurements. The la
behavior was also found in our experiments on glyce
@26,27# and Salol@26#, and in molecular-dynamics simula
tions of ortho-terphenyl@52# and of a system of rigid di-
atomic molecules@53#. The results from a very recen
neutron-scattering study of PC@54# indicate an even smalle
ratio of thea- and the boson-peak amplitude than for lig
scattering. Clearly the position of the minimum differs b
tween the different methods, also in accord with results
other systems@26,27,53#. In contrast, the increase toward
the boson peak exhibits almost identical power laws for
dielectric and light-scattering measurements.

IV. DISCUSSION

A. a relaxation

The most significant result of an analysis of t
a-relaxation process is the temperature dependence o
a-relaxation time which is compared to various predictio
in Fig. 5. Figure 5~a! shows the same fit with the VFT equa
tion @50#,

nt5n0 expS 2DTVF

T2TVF
D ~1!

as in the inset of Fig. 2. A VFT temperatureTVF5132 K and
a strength parameterD56.6 were determined, the latte
characterizing PC as a fragile glass former@28#. While the
VFT equation is primarily an empirical description, a the
retical foundation was given in various models, e.g.,
Adam-Gibbs theory@55# or the free volume theory@56#.

FIG. 4. Frequency dependence of the dielectric loss in pro
lene carbonate compared to the susceptibility as calculated from
light scattering results~from @15#!. The light-scattering data set
have been vertically shifted to give a comparable intensity of
boson peak.
the
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-
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e

In Fig. 5~a! it becomes obvious that, above a crossov
temperatureTA'230 K, deviations from VFT behavior show
up, similar to those seen in earlier work@37,43,49#. In @37#
and@43# a transition to thermally activated behavior was su
gested as demonstrated by the dashed line in Fig. 5~a!. TA
was interpreted@37# as temperature below which the pote
tial energy landscape becomes important. However, one
to state that also alternative descriptions are possible,
using VFT behavior at high and a thermally activated beh
ior at low temperatures or a combination of VFT functio
@57#. In addition, Stickelet al. @49# performed an analysis o
relaxation-time data on PC extending to temperatures ab
room temperature using a temperature-derivative met
@58#. Here dª@2d(log10np)/d(1/T)#21/2 is plotted versus
1/T, which leads to a linear behavior for the VFT law and
constant for the Arrhenius law. This ‘‘Stickel plot’’ is show
in the inset of Fig. 5~a!. The solid and the dashed lines a
the transferred VFT and Arrhenius curves shown in the m
frame. In this representation, deviations only weakly seen
the main frame become more pronounced. Near 200 K
change of slope shows up which suggests a transition
second VFT law above about 200 K as indicated by
dotted line. A very similar behavior was found by Stickelet
al. @49#. The suggested Arrhenius behavior above about
K @main frame of Fig. 5~a!# seems not to be supported by th
Stickel plot, but at least a tendency ofd(T) to saturate at

-
he

e

FIG. 5. Temperature dependence ofnt51/(2p^t&CD) as deter-
mined from simultaneous CD fits of«8(n) and«9(n) in Arrhenius
representation.~a! Solid line: fit with VFT behavior@Eq. ~1!, n0

53.231012 Hz, D56.6, TVF5132 K#; dashed line: Arrhenius be
havior (n059.031012 Hz, E52290 K!. ~b! Solid line: fit with EFV
theory @Eq. ~2!, A510.7, B5309 K, C54.82 K, T05162 K#. ~c!
Solid line: fit with MCT @Eq. ~3!, Tc5187 K, g52.72,c512 900#.
Tc andg were fixed at the values determined from the evaluation
the «9(n) minimum. Dashed line: fit with VFT behavior forT
,200 K @Eq. ~1!, n054.931013 Hz, D58.4, TVF5128 K#. ~d!
Solid line: fit with FLD theory @Eq. ~4!, T* 5215 K, n`

52.0331014 Hz, E`53090 K, F5457#; dashed line: high-
temperature asymptotic Arrhenius behavior. The insets in~a!–~d!
show plots of dª@2d(log10 np)/d(1/T)#21/2 as suggested by
Stickel et al. @58#. The lines are calculated with the same para
eters as the lines in the corresponding main frames. The additi
dotted line in the inset of~a! suggests a second VFT law abov
200 K.
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high temperatures is seen. Stickelet al. @49# reported a tran-
sition to thermally activated behavior at a higher temperat
of about 300 K. Overall, as demonstrated in Fig. 5~a!, the
three-parameter VFT function is not able to describe the d
in the whole temperature range and a crossover to a diffe
behavior has to be assumed to overcome this difficulty.

A four-parameter function for the description ofnt(T) is
the outcome of the extended free volume~EFV! theory@59#.
In the EFV theory the supercooled liquid is assumed to
divided into liquidlike and solidlike regions. At a temper
ture T0 a transition from percolating~fluid! to isolated liq-
uidlike regions~solid glass state! occurs. By addressing th
entropy of the glass-forming system and making use of p
colation theory, the following result fornt(T) was obtained:

log10~nt!52A2
B

T2T01@~T2T0!21CT#1/2
. ~2!

Good fits with Eq.~2! for a variety of glass formers wer
reported@12,59#. Figure 5~b! shows a fit ofnt(T) of PC with
Eq. ~2! andT05162 K. Indeed, the EFV theory gives a ve
good description of the present data andT0 is almost identi-
cal to the calorimetricTg'159 K @37#. Also in the Stickel
plot, data and fit agree reasonably well.

While the VFT and EFV predictions lead to critical tem
peratures near or belowTg , theTc of MCT is predicted to be
located well aboveTg . The simplest version of MCT, the
idealized MCT @2,3#, predicts a critical behavior of the
a-relaxation time scale,

nt;~T2Tc!
g, ~3!

with a critical exponentg that is determined byg51/(2a)
11/(2b). Here a and b are the low- and high-frequenc
power-law exponents of the«9(n) minimum, as will be ex-
plained in detail in Sec. IV C 1. The solid line in Fig. 5~c! is
a fit with the three-parameter function, Eq.~3!, with g
52.72 andTc5187 K fixed to the values obtained from th
analysis of the«9(n) minimum ~Sec. IV C 1!. Even with all
parameters free, very similar values result, namelyTc5185
K and g52.78. For the fits, only data above 200 K we
used where a good agreement between data and fit
achieved. The inset shows the same curves in a Stickel
In order to describe the data at lower temperatures, a VF
can be employed~dashed line in the inset and main frame!.
The change of slope, seen in the Stickel plot near 200 K@49#,
then marks the transition from VFT to MCT behavior. Th
observed absence of critical behavior atTc in the experimen-
tal data is expected within the extended MCT@3,4#. Here the
structural arrest found in idealized MCT forT,Tc is
avoided by the assumption of thermally activated hopp
processes. MCT also predicts that, at least forT.Tc , the
relaxation times determined with different experimen
methods should follow a common temperature behavior.
deed, while there is a difference in the absolute values ot
from light scattering@15# and dielectric measurements~lead-
ing to the differenta-peak positions in Fig. 4!, which can be
understood considering the different correlation functions
both methods@60#, they can be transferred into each other
a temperature-independent factor of about 3~not shown!.
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Finally, we compare the results to the predictions of t
frustration-limited domain~FLD! model by Kivelson, Tarjus,
and co-workers@7#. This theory postulates a ‘‘narrowly
avoided critical point’’ at a temperatureT* above the melt-
ing point. The theory is based on the assumption that ther
a locally preferred structure~LPS! which, however, is not
able to tile space periodically. Without this geometrical co
straint the system would condense into the LPS atT* . In real
systems somewhat belowT* , frustration-limited domains
with the LPS are formed. Such a scenario is intuitive for t
simple system of spherical molecules. Here the LPS is
icosahedral short-range order but one cannot tile space
this structure. By using a phenomenological scaling
proach, a prediction for the temperature-dependent relaxa
rate was obtained:

np5n` expS 2
E`

T D for T.T* ,

~4!

np5n` expF2
E`

T
2

FT*

T S T* 2T

T*
D 8/3G for T,T* .

Good agreement of this four-parameter function with t
results in a variety of glass formers was found@61#. This is
also valid for the present results on PC as demonstrate
Fig. 5~d!. However, in the Stickel plot~inset! the small de-
viations, seen at high temperatures, are more pronounced
the agreement between data and fit seems rather poor.
abrupt transition between two functional forms atT* may be
a reason for these difficulties, which possibly could be ov
come by using a smoother transition.

Clearly, among the analyses presented in Fig. 5, the
employing the combination of VFT and thermally activat
behavior @Fig. 5~a!# seems least reasonable as there is
theoretical base for such a behavior. As could be expec
the two four-parameter functions~EFV and FLD model! pro-
vide the best descriptions of the data as was also found f
similar comparison performed for dielectric results on Sa
@12#. As mentioned above, the huge deviations seen for
~idealized! MCT approach could be expected. This setba
may be overcome when employing the extended MC
which is out of the scope of the present work. An argum
in favor of the MCT fit is the fact that only one paramet
was varied,Tc andg being fixed as mentioned above.

The MCT also makes distinct predictions for the tempe
ture dependence of the relaxation strengthD« and the spec-
tral form of the a process@2–4#. According to idealized
MCT, for T.Tc , the relaxation strength and the spect
form of the a process should be temperature independ
~time-temperature superposition principle!. In addition, for
T,Tc , D«5c11c2@(Tc2T)/Tc#

1/2 follows from extended
MCT. In Fig. 3~a! the solid line was calculated using th
MCT prediction withTc5187 K as deduced in Sec. IV C 1
Due to the scattering of the data, no definite conclusion
be drawn, but at least the data do not contradict MCT.
contrast, Scho¨nhals et al. @43# reported clear deviations o
their D«(T) ~given in arbitrary units! from MCT predictions
@62#. Concerning the predicted temperature-independ
spectral form of thea peak forT.Tc , a tendency to saturat
is indeed seen forbCD(T) andbKWW(T) in Fig. 3, however
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at temperatures clearly aboveTc only. But a reasonable de
scription of thea peaks forT.Tc is also possible with a
constantbCD'0.8. Again this is in contrast to the statemen
made in@43#. Overall it is difficult to make a decisive state
ment about the validity of MCT in PC from the analysis
the a process alone.

B. Excess wing

The excess wing~also called ‘‘high-frequency wing’’ or
‘‘tail’’ ! seems to be a universal feature of glass-forming
uids @8,63#, but up to now its microscopic origin remain
unclear. A phenomenological function taking account of
a peak and the wing has been proposed recently@64#. In
many cases it is possible to describe thea peak including the
wing using a model of dynamically correlated domains@6#,
but for low temperatures and extremely broadband data,
viations show up@65#. Also, the FLD model is able to de
scribe the wing at least partly@7#.

Nagel and co-workers@8# found that the«9(n) curves for
different temperatures and even for different materials,
cluding thea peak and the wing, can be scaled onto o
master curve by an appropriate choice of thex and y axis.
This intriguing scaling behavior strongly suggests a corre
tion between thea process and the high-frequency win
However, until now there has been no theoretical justifi
tion for the choice of the plotted quantities. During rece
years some criticism of the Nagel scaling arose concern
its universality @66,67# and accuracy@67,68# and minor
modifications of the original scaling procedure have be
proposed@67#. However, it is still commonly believed tha
the Nagel scaling is of significance for our understanding
the glass-forming liquids and many efforts have been m
to check its validity in a variety of materials@47,66,68–70#.

In Fig. 6 we have applied the modified scaling approa
proposed by Dendziket al. @67#. This procedure was show
to lead to somewhat better scaling in thea-peak region and
allows for an unequivocal determination of the scaling p
rameters. In addition, the modified procedure is able to c
lapse different CD curves onto one master curve@67#, which
is not the case for the original Nagel scaling@69#. As dem-
onstrated in Fig. 2, the CD function gives an excellent
scription of thea-peak region in«9(n). The application of
the modified scaling requires the determination of parame
ns , «s9 , andb. Herens and«s9 are defined as frequency an
amplitude of the intersection point of the two power law
«9;n for n,np and«9;n2b for n.np . In Fig. 6 we show
the PC results in addition to glycerol data taken from@27#,
scaled according to@67#, i.e., with x5(11b)log10(n/ns)
and y5 log10@«9ns /(«s9n)#. Indeed, thea peak and the ex-
cess wing region can be scaled nicely onto one master c
for each material. The deviations from this master curve s
in Fig. 6 occur in the minimum and boson peak regio
which cannot be scaled in this way. The scaling transfers
CD behavior of thea peak to a constant,y50, at its low-
frequency side (x,0) and to a linear decrease,y52x ~solid
lines in Fig. 6!, at its high-frequency side (x.0). The excess
wing shows up as a more shallow linear decrease devia
from they52x line abovex'5. Due to the large frequenc
region available for the present work this linear decrease
be observed up tox520 for PC while the maximum value
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observed up to now wasx'11 @67#. Due to this larger range
it becomes obvious that the curves for glycerol and PC sh
significant deviations from each other atx*10 as demon-
strated in the upper inset of Fig. 6. In contrast, the origi
Nagel scaling@8# scales the curves for both materials mu
better in this high-frequency region@71#. As mentioned
above, the wing seems to merge with thea peak above abou
200 K. In Fig. 6 this corresponds to a direct transition fro
y52x behavior to the nonscaling linear decrease cor
sponding to the minimum region~see the lower inset of Fig
6!. Here only two linear regions forx.0 can be distin-
guished while at lower temperatures three such regions
seen~associated with thea peak, excess wing, and min
mum!. For glycerol a similar merging of wing anda peak is
observed at temperatures above about 270 K.

Finally we want to mention that it is also possible to d
scribe the excess wing by an additional relaxation proc
superimposed to thea process@21#. Such secondary pro
cesses, usually termed~slow! b processes, can often be a
cribed to an internal change of the molecular conformati
However, in the light of the universal properties of the win
for different glass-forming liquids revealed by the Nag
scaling, it is unreasonable to ascribe it to this type ofb
relaxations which depend on the specific molecular struct
The finding that secondary relaxation processes can show
also in simple glass formers led to the assumption of a m
fundamental reason for these so-called Johari-Goldsteib
processes@38#. Also recent theoretical developments@72#
within the coupling model@5# may point in the direction of a
universal slowb relaxation, closely connected to thea pro-
cess. It cannot be excluded that the wing and these pos
intrinsic b relaxations are manifestations of the same mic
scopic mechanism.

FIG. 6. Scaling plot ofe9(n) for PC and glycerol according to
@67#. ns and «s9 are read off at the intersection point of the tw
power laws«9;n and «9;n2b below and above the peak fre
quency, respectively. Note that for clarity reasons both data sets
shifted with respect to each other. The lines show the asympt
behavior for a CD function atn,np andn.np . The lower inset is
a magnified plot for the transition region between CD and exc
wing contribution in PC. Here the 295 K points are connected b
solid line to guide the eye. The upper inset shows one glycerol
one PC curve in the wing region.



n
i-

nc

la
n-

t

n
ns
ws

in

a
o

st
o

d

-
or
l-

is
t
ut a
s in

a
he
la-

st
the
of

ing

.
po-

ro-
W

is

tion
on-
ning

ke
ay

sed

re-

d in

to
the
ncy
ring
ut
per-
or-

w-
ity

vi-
n in
ion
w
his

he

tte
a

PRE 59 6931BROADBAND DIELECTRIC SPECTROSCOPY ON GLASS- . . .
C. Fast dynamics

1. «9(n) minimum

In Fig. 7, a magnified view of the high-frequency regio
of «9(n) is shown. In the inset we try to analyze the min
mum region in terms of a simple crossover froma relaxation
or excess wing to the boson peak. For the low-freque
wing of the boson peak a linear or steeper increase of«9(n)
can be assumed as is commonly found for a variety of g
formers @11,12,73#. Indeed, for the lowest temperatures i
vestigated, where vibrational contributions can be assum
to become dominant, a linear increase of«9(n) ~dashed line
in Fig. 7! is approached. Also, in order for the boson peak
appear in the light- or neutron-scattering spectra~where it
was first observed!, «9;nS(q,n) must increase steeper tha
linearly towards the boson peak. The dashed lines in the i
of Fig. 7 have been calculated by a sum of two power la

«9;cbn2b1cnnn, ~5!

with n51 @74#. b was chosen to match the power law seen
«9(n) between 1 GHz and the«9(n) minimum. Clearly there
is no way to obtain a reasonable fit of the experimental d
in this way. This analysis clearly implies the presence
additional fast processes in this region, usually termed fab
processes. Similar findings were obtained for a variety
glass formers@12,18,19,47#.

Fast processes are not considered in the EFV mo
@56,59#, which provides the best fits to the dynamics of thea
process~Sec. IV A!. Within this model, molecules are as
sumed to move within cages formed by their next neighb
and diffusional motion occurs by hopping into ‘‘free vo

FIG. 7. «9(n) at high frequencies for various temperatures. T
solid lines are fits with MCT, Eq.~7!, with a50.29 and b
50.5 (l50.78). The dashed lines demonstratena behavior forT
,Tc . The dash-dotted line indicates linear behavior. The do
line is drawn to guide the eye. The dashed lines in the inset h
been calculated with Eq.~5!.
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ume’’ available to the molecule. It is interesting that th
picture is qualitatively similar to that of MCT, where fas
processes are a natural consequence of the theory. B
theoretical investigation of these possible fast processe
the EFV is missing. In the FLD model@7# thea relaxation is
identified with the restructuring of the FLDs and occurs on
length scale given by their characteristic size. Within t
FLD framework there is a second length scale, the corre
tion lengthj of the LPS. It was argued@7# that the experi-
mentally observed fastb processes may be ascribed to fa
relaxations taking place on this smaller length scale of
FLD model. However, up to now a theoretical elaboration
the fast processes within FLD theory was missing.

Another model predicting fast processes is the coupl
model ~CM! of Ngai and co-workers@5#. Here the fast pro-
cess is part of thea relaxation, defined in the time domain
The a relaxation is assumed to be composed of a fast ex
nential decay with relaxation timet f at short timest,tc ,
and a slower KWW behavior with relaxation timets and
stretching parameterbs at t.tc . The crossover timetc was
stated to be of the order of ps for most systems@5#. Demand-
ing continuity attc leads to the relation

t f5ts
bstc

12bs . ~6!

This allows for the determination of the relaxation timet f
of the fast process, if the KWW parameters of the slow p
cess are known. The parameters determined from the KW
fits of the a relaxation in PC~Sec. IV A! result in a factor
ts /t f'1.3 for the highest temperature andts /t f'104 for
153 K. Obviously, the fast process inherent in the CM
located at much lower frequencies than the«9(n) minimum
and therefore cannot be brought into play for the explana
of the excess intensity in this region. Instead additional c
tributions need to be assumed but, as shown in the begin
of this section, a combination ofa process~even including
the CM’s fast process! and boson peak alone cannot ta
account of the experimental data. Further contributions m
arise@75#, e.g., from a constant loss term as early propo
by Wong and Angell@24# and/or a possible«9;n0.3 behav-
ior, both seemingly universal features in the dielectric
sponse of glassy ionic conductors@76,77#. Possible micro-
scopic explanations for these contributions were propose
@77#. Indeed, the data in PC near the«9(n) minimum can
well be described by adding a term«c1c3n0.3 to the ansatz
of Eq. ~5! @78#. In this way, by adjusting the parameters
achieve a smooth transition to the CD curves describing
a peak, quite impressive fits over 17 decades of freque
are possible. Of course this could be expected conside
the large amount of parameters involved in the fitting, b
nevertheless it cannot be excluded that such a simple su
position ansatz of different independent contributions is c
rect.

Very recently a model was proposed considering a lo
frequency relaxationlike part of the vibration susceptibil
function responsible for the boson peak@79#. This relaxation-
like response was shown to arise from anharmonicity of
brations and invoked to explain the quasielastic line see
light and neutron scattering. This quasielastic contribut
corresponds to the fastb process seen in the region belo
the boson peak in the susceptibility spectra. Within t
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framework, the fast process should show up as a peak
«9;na and «9;n21 at its low- and high-frequency side
respectively. For the absolute value of the exponenta, rea-
sonable values ranging between 0.375 and 1 were give
@79#, depending on the system. Of course no peak is s
betweena and the boson peak in the spectra of PC~Figs. 2
and 7! but then21 wing of the fastb process may be ob
scured by the domination of the boson peak at higher
quencies. A severe argument against this picture is
smooth transition of«9(n) from the minimum to the boson
peak with only one power law, which seems unlikely to r
sult from the superposition of thena wing of the fastb
process and the low-frequency wing of the boson p
~steeper thann1, see above!. However, this possibility canno
fully be excluded and at least this model provides an exp
nation for the sublinear increase seen forn.nmin . It is inter-
esting that within this theoretical framework a crossov
temperature of the fast relaxation was obtained which w
found to be of similar magnitude as the critical temperat
Tc of MCT @79#.

As mentioned in the Introduction, a fast process in
minimum region of«9(n) is one of the main outcomes o
MCT, a prediction which led to the tremendous interest
this high-frequency region. Within idealized MCT, abo
Tc , the high- and low-frequency wings close to the min
mum of«9(n) are described by power laws with exponentsa
and b, respectively. The minimum region can be appro
mated by the interpolation formula@2,3#:

«9~n!5«min9 @a~n/nmin!
2b1b~n/nmin!

a#/~a1b!. ~7!

nmin and«min9 denote position and amplitude of the minimum
respectively. The exponentsa and b are temperature inde
pendent and constrained by the exponent parametel
5G2(12a)/G(122a)5G2(11b)/G(112b), whereG de-
notes the Gamma function. This restricts the exponenta to
values below 0.4, i.e., a significantly sublinear increase
«9(n) at frequencies above the minimum is predicted. W
found a consistent description of the«9 minima atT>193 K
using l50.78, which impliesa50.29 andb50.5 ~solid
lines in Fig. 7!. The obtainedl agrees with that determine
from the preliminary data published previously@19,25,26#. It
is identical tol deduced from light-scattering results@15#
and also consistent with a recent analysis of solvation
namics experiments on PC@80#. In addition, a preliminary
analysis of the susceptibility minimum from recent neutro
scattering measurements@54# yieldsl50.75, consistent with
the present value. At high frequencies the fits with Eq.~7!
are limited by the onset of the decrease at the high-freque
wing of the boson peak. Quite a different behavior was s
in glycerol @26,78#, where the MCT fits are limited at high
frequencies by an additional increase, which cannot be
scribed by Eq.~7!. In @26,78# it was argued that this devia
tion in glycerol is due to the vibrational boson peak con
bution which is not taken into account by Eq.~7!. In PC this
contribution seems to be of less importance. This is in acc
with the finding of Sokolovet al. @32# that the amplitude
ratio of boson peak and fast process is largest for strong g
formers, glycerol being much stronger than PC~see also Sec
IV C 3!. The deviations of data and fits, seen at low frequ
cies in Fig. 7, can be ascribed to the growing importance
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the a relaxation, which is not taken into account by th
simple interpolation formula, Eq.~7!.

The critical temperatureTc should manifest itself in the
temperature dependence of the«9(n) minimum. For T
.Tc , MCT predicts the following relations:nmin;(T
2Tc)

1/(2a) and«min9 ;(T2Tc)
1/2. Figure 8 shows the results fo

«min9 (T), nmin(T), and also fornt(T) ~same data as in Fig. 5!.
Here representations have been chosen that lead to str
lines that extrapolate toTc if the predicted critical tempera
ture dependences are obeyed. Indeed, as indicated by
solid lines, all three data sets can be described consiste
with a critical temperatureTc'187 K, in agreement with the
results determined from the preliminary data published p
viously @19,25,26#. This lies in the same range as theTc
obtained from light scattering@15# ~187 K!, neutron scatter-
ing @81# ~180–200 K!, and solvation dynamics experimen
@80# ~176 K!. Also theTc'186 K, deduced from a prelimi-
nary analysis of the susceptibility minimum from rece
neutron-scattering experiments@54#, agrees well with the
present value. For temperatures nearTc , thent data deviate
from the predicted behavior as also seen in Fig. 5~c!. Within
MCT this can be ascribed to a smearing out of the criti
behavior nearTc due to hopping processes which are cons
ered in extended versions of MCT only@3,4#. In addition, the
above critical temperature dependences of«min9 , nmin , andnp

should be valid only for temperatures not too far aboveTc

and the deviations seen fornmin and «min9 at high tempera-
tures~Fig. 8! may be due to this fact. Therefore, there is
problem concerning the proper choice of the temperat
range to be used for the determination ofTc . While the
critical behavior proposed in Fig. 8 seems reasonable, s

FIG. 8. Temperature dependence of the amplitude~a! and posi-
tion ~b! of the «9(n) minimum and of thea-peak positionnt

51/(2p^t&CD) ~c! of PC. «min9 andnmin have been taken from the
fits with Eq. ~7!. Representations have been chosen that resu
straight lines according to the predictions of the MCT. The so
lines extrapolate to aTc of 187 K for all three quantities as indi
cated by the arrows. The pluses give an estimate for the positio
the tentative ‘‘knee,’’ which may be suspected from Fig. 7.
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uncertainties concerning the value ofTc remain, which can
only be clarified by an analysis within the extended MC
@82#.

MCT predicts a significant change in the behavior
«9(n) at Tc : For T,Tc , within idealized MCT «9(n)
should exhibit a so-called ‘‘knee’’ at a frequencynk , i.e., a
change of power law from«9;na at n.nk to «9;n at n
,nk . Within idealized MCT, atT,Tc the minimum and the
a peak should vanish but both phenomena are restore
the hopping processes invoked in extended MCT@3,4#. At
first, from Fig. 7 it becomes obvious that the fits with Eq.~7!
with l50.78 will no longer work atT,Tc because the high
frequency wing of the minimum becomes successiv
steeper below this temperature, i.e., the frequency de
dence of«9(n) changes significantly belowTc . In Fig. 7, an
«9;na behavior witha50.29 as determined forT.Tc is
shown as a dashed line matching the region just below
boson peak for the 183 K and 173 K curves. For lower f
quencies the experimental data exhibit a downward devia
from thena extrapolations, i.e., really a knee appears. N
ertheless, in light of the rather large experimental uncerta
ties in this region it seems quite audacious to assign
observed feature to the knee of MCT. According to MCT,nk

and the amplitude at the knee,«k9 , should also exhibit critical
behavior, nk;(Tc2T)1/(2a) and «k9;(Tc2T)1/2, with the
proportionality factors in close connection with the propo
tionality factors in the critical behavior of the minimum@83#.
In Figs. 8~a! and 8~b! the two values read off from Fig. 7 ar
denoted as pluses. Having in mind the extreme uncertain
in the knee position, the data seem to be consistent withTc
of 187 K. However, the position of the knee is not in acco
with the position of the minimum aboveTc @83#. Overall, a
lack of significance of the observed knee feature has to
stated but at least the data show where the knee ma
located and where more experimental work has to be don
check for its presence and temperature evolution in PC.

2. Comparison with scattering results

The comparison of dielectric and scattering results
shown in Fig. 4. As mentioned above~Sec. III B!, the sig-
nificantly larger ratio ofa and the boson peak amplitude fo
dielectric compared with light-scattering results seems to
a rather universal property of glass-forming materi
@26,27,52,53#. Recently, an explanation for this finding wa
given by considering the different dependencies of
probes on orientational fluctuations@84#. In addition, in a
recent theoretical work@85#, MCT was generalized to mo
lecular liquids of molecules with orientational degrees
freedom. The resulting MCT equations were solved fo
system of dipolar hard spheres and a larger ratio ofa and the
boson peak amplitude for«9 was obtained in accordanc
with the experimental findings. Furthermore, it is one of t
main predictions of MCT@2–4# that the same parametersTc
andl should arise from all observables coupling to the d
sity fluctuations. This is indeed the case for propylene c
bonate~see above!. But also the position of the«9 ~respec-
tively x9) minima should be the same, independent of
experimental method, which is also valid when includi
orientational degrees of freedom@60#. However, as seen in
Fig. 4, this seems not to be the case. An explanation fo
f
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similar behavior found from molecular-dynamics simulatio
of a system of rigid diatomic molecules was given in term
of 180° flips of the nonspherical molecules, which cannot
taken into account by a hard-sphere model@53#. In this con-
text, it may be mentioned that for the mobile-ion glas
former CKN a rather good agreement of the minimum po
tion from different experimental methods was found@25#.
Here orientational degrees of freedom are not importa
which corroborates the above explanation in terms of 18
flips.

3. Boson peak

The boson peak is a universal feature of glass-form
materials showing up in light and neutron scattering but a
as excess contribution in specific-heat measurements. A
riety of explanations of the boson peak has been propo
e.g., in terms of the soft potential model@86#, phonon local-
ization models@87#, or a model of coupled harmonic osci
lators with a distribution of force constants@88#. Also MCT
includes contributions leading to a peak at THz as w
shown using a schematic two-correlator model@89#. How-
ever, up to now there is no consensus concerning the mi
scopic origin of this phenomenon. It cannot be the aim of
present paper to compare the results with the proposed m
els, especially in the light of the rather restricted database
n.1 THz. However, some experimental facts deserve to
emphasized which may be of importance for the understa
ing of the boson peak. Figure 9 shows the high-freque
region of«9(n) for PC and glycerol. Clearly, both materia
exhibit quite different behavior in the boson peak region: F
PC only one power law is seen at frequenciesn.nmin form-
ing simultaneously the high-frequency wing of the«9 mini-
mum and the low-frequency wing of the boson peak.
marked contrast, for glycerol two regimes can be dist
guished: Directly abovenmin , there is a rather shallow in
crease of«9(n) which together with the left wing of the
minimum can be well fitted with the MCT prediction, Eq.~7!
@18,26,78#. At higher frequencies a very steep increase
pears, approaching«9;n3 for T→Tg . This different behav-
ior of PC and glycerol also becomes obvious in the scal
plot of Fig. 6. For both materials the«9(n) minimum corre-
sponds to the deviation from the master curve, which sho
up as a third linear region in the scaling plot. But for glycer
in addition a minimum is seen in Fig. 6. In the scaling p
this minimum marks the transition point between the tw
regimes atn.nmin , described above. It seems that in gly
erol the fastb process giving rise to the shallow minimum
«9(n) or the third linear region in the scaling plot is obscur
at higher frequencies by the boson peak contribution. T
arguing seems to be in accord with the finding of Soko
et al. @32# of a higher amplitude ratio of boson peak and fa
process for strong glass formers. However, at least neaTg
this ratio, e.g., measured by comparing boson peak and m
mum amplitude in Fig. 9, is quite similar for both materia
For high temperatures,T>193 K for PC andT>253 K for
glycerol, the fastb process in PC has indeed a higher a
plitude if curves with similar values ofnp are compared.
This fact also explains the good fits with MCT up to th
boson peak frequency~Sec. IV C 1! in PC. However, for
lower temperatures the different characteristics of PC
glycerol has to be ascribed either to a more shallow left w
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of the boson peak for PC («9;n1 instead of«9;n3) or to a
steeper increase of the high-frequency wing of the minimu
thereby obscuring the steeper boson peak wing. Interestin
while there might be some problems for the new model
Novikov @79# in explaining the PC results~see Sec. IV C 1!,
glycerol seems to fit into this picture: Below the boson pe
two distinct regions are seen which can be ascribed to
relaxationlike and the main part of the vibrational exci
tions. Concerning MCT, it has to be mentioned that the lig
scattering results on glycerol@14# exhibit quite similar char-
acteristics to the dielectric results@27#. The light-scattering
results were successfully described using the schematic
correlator MCT model mentioned above@89#. But it is not
clear if MCT is able to provide an explanation for the qua
tative difference of the glycerol and PC dielectric data.

D. Conclusions

Dielectric data on glass-forming PC in an exceptiona
broad frequency range have been presented and comp
with the results from light scattering and with broadba
dielectric results on glycerol. A comparison of the findin
concerninga relaxation, excess wing,«9(n) minimum, and
boson peak on various theoretical and phenomenolog
predictions has been performed. The temperature de
dence of thea-relaxation time is in accord with the EFV an
the FLD models and at high temperatures also with tha
idealized MCT. The temperature dependences of the re

FIG. 9. «9(n) in the high-frequency region for PC~a! and glyc-
erol ~b!. The dash-dotted lines indicate power laws as noted in
figure. The dashed line in~a! was drawn to guide the eye.
,
ly,
y

,
e

-
-

o-

red

al
n-

f
x-

ation strength and the width parameter of thea relaxation
were determined and some differences from the findi
from previous works were found. The excess wing in PC w
shown to follow the modified Nagel scaling proposed
Dendziket al. @67# but at high frequencies the curves of P
and glycerol do not scale onto each other. Overall, it is
possible to arrive at a decision in favor of or against one
the models on the dynamics of glass-forming materials fr
the results obtained at the first 15 decades of freque
alone.

At higher frequencies above about 1 GHz a minimum
«9(n) is detected. In this region, clearly fast processes c
tribute to the dielectric loss, a finding for which most mode
provide no explanation. While the minimum can be well d
scribed by the sum of power laws and a constant loss c
tribution @78#, the theoretical foundation for these contrib
tions is unclear at present but currently is being develo
@75#. In contrast, MCT provides a microscopic explanati
for the high-frequency data, at least at high temperatures
addition, the analysis within MCT yields values forTc and
l, that are in agreement with those determined from ot
experimental methods. Also the differences in the susce
bilities obtained from dielectric and light scattering expe
ments seem to be in accord with recent extensions of M
At low temperatures,T, Tc , at least a qualitative agreeme
of the results with MCT can be stated, but more work
needed for a quantitative comparison@82#.

Overall, certain aspects of the results found in the pres
work can be explained by different models, but in our jud
ment MCT provides the most consistent picture providi
explanations for the largest variety of experimental facts,
cluding the high-frequency processes. This may be pa
due to the large amount of predictions made by MCT, co
ering almost all aspects of the dynamic response of gla
forming materials, while other models are somewhat
stricted in this respect. However, just this agreement of
data with the many different predictions of MCT speaks
favor of the theory. Admittedly, it is not possible to arrive
a final decisive conclusion concerning the applicability
MCT for PC and alternative explanations may be possib
Also many questions need to be solved, e.g., the beha
below Tc should be compared with the extended MCT, t
differences from the scattering results should be compa
quantitatively to MCT~considering orientational degrees
freedom of dipolar, nonspherical molecules!, and the quali-
tatively different behavior of PC and glycerol in the bos
peak region should be addressed. Finally, in the boson p
region we find significant differences between glycerol a
PC that still require a theoretical explanation. But also m
experimental work is needed, e.g., concerning the temp
ture evolution of the boson peak and a higher precision of
data at low temperatures in order to investigate in detail
possible occurrence of a knee in«9(n) of PC.
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