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Dynamics around the liquid-glass transition in poly„propylene-glycol… investigated
by wide-frequency-range light-scattering techniques
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The structural dynamics of poly~propylene-glycol! of molecular weightMW54000 have been investigated
over a large temperature range 10–375 K and in a wide dynamical window, corresponding to 1023– 1014 Hz,
using various light-scattering techniques. The slow dynamics were investigated using a wide time-range
photon-correlation spectroscopy; for the faster dynamics a combination of interferometric and grating spec-
trometer techniques were used. We observe four distinguishable kinds of dynamics;~i! slow normal-mode
dynamics,~ii ! the main (a) relaxation which is related to the viscosity,~iii ! a faster~b! relaxation, and~iv! a
low-frequency vibrational peak. The data are discussed in relation to the mode-coupling theory~MCT! for the
liquid-glass transition. Surprisingly, the slow dynamics observed using the PCS technique close to the glass
transition temperatureTg are found to be in good agreement with predictions of MCT and aTc5236 K can be
extracted. In contrast, the high-frequency data taken aboveTc are not consistent with MCT. In this range a
strong vibrational peak, the so-called boson peak, seriously affects the relaxational spectrum and simple MCT
analysis cannot be applied. This finding is in agreement with recent light- and neutron-scattering investigations
of other hydrogen-bonded intermediate glass formers and also strong covalently bonded systems.
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I. INTRODUCTION

The structural relaxation behavior of glass-forming li
uids is currently a field of intense research, partly becaus
the success of recent theories to describe some characte
features of the glass transition dynamics.1 Experimentally the
behavior above the glass transition temperature is domin
by the so-calleda-relaxation~or main! process. The averag
relaxation time of thea process is closely related to th
viscosity. It increases rapidly as the transition temperatur
approached and generally in a non-Arrhenius fashion.
relaxation decays in a nonexponential manner normally w
described by the Kohlrauch-Williams-Watts~KWW!
stretched exponential,

f~ t !5 f exp@2~ t/t!bKWW#, ~1!

where t is the relaxation time andbKWW (<1) is the so-
called stretching parameter. The lower thebKWW value the
more stretched is the relaxation function. In the case o
KWW decay the average relaxation time is obtained throu

^t&5
t

bKWW
G~1/bKWW!, ~2!
560163-1829/97/56~18!/11619~10!/$10.00
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whereG denotes theg function. The temperature dependen
of ^t& is commonly described by the Vogel-Fulche
Tammann~VFT! equation,

^t&5t0 expS DT0

T2T0
D , ~3!

where t0 is the fast relaxation time limit
('10213– 10214 s) approached at ‘‘infinitely’’ high tem-
peratures andD is a constant. According to Angell’s strong
fragile classification scheme of glass-forming liquids t
value ofD determines the fragility of the system.2 The lower
the D value the less resistant~more fragile! is the system
towards temperature-induced changes and the larger is
departure from Arrhenius behavior.T0 is a fitting parameter
indicating the temperature where the relaxation time~or vis-
cosity! is expected to diverge. Interestingly, fits of expe
mental data of̂t& or viscosity to Eq.~3! results in values of
T0 generally close to the so-called ideal glass transition te
perature or the Kauzmann temperature,TK . TK is the tem-
perature at which the supercooled liquid would reach an
tropy equal to that of the corresponding crystal if t
intervention of the glass transition did not occur. This is
unphysical situation known as the Kauzmann paradox. T
experimentally determined calorimetric glass transition te
perature,Tg , is commonly defined as the temperature
11 619 © 1997 The American Physical Society
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11 620 56BERGMAN, BÖRJESSON, TORELL, AND FONTANA
which the relaxation time has reached a value of'200 s,
i.e., t(Tg)'200 s. It follows from Eq.~3! that Tg.T0 and
that the difference between the experimental and ideal v
increases as the ‘‘strength’’ of the liquid increases:

Tg5T0S 11
D

ln@t~Tg!/t0# D'T0S 11
D

36.4D , ~4!

D being typically'5 for liquids of the fragile extremes an
D.30 for strong systems.3

A theoretical explanation of the glass transition dynam
which has received much attention during recent year
given by the mode coupling theory~MCT!.4 Based on a mi-
croscopic approach MCT relates the glass transition to
another temperature,Tc , defined by the arrest of diffusiona
motion of the individual atoms or molecules of the system
the temperature decreases. Lowering the temperature fur
T,Tc , the molecules will be trapped in cages formed
their neighbors. According to the first simplified MC
version5–7 the viscosity ~h! and the accompanying mai
(a2) relaxation time, show critical divergence atTc de-
scribed by a power law

h}ta}~T2Tc!
2g. ~5!

MCT makes further explicit predictions of the shape of t
relaxation function as discussed in the next paragraph. M
of the theoretical predictions have been proven valid in
perimental tests of real glassformers8 although MCT was
originally developed for the mathematically idealized case
a hard-sphere system. In the experimental verifications
MCT it turns out that the critical temperatureTc is to be
found much above the calorimetrically determined transit
temperature,Tg , and thus the theory has shifted a substan
part of the interest for experimental observations of gl
transition phenomena to higher temperatures and als
shorter times (,ns). Intense experimental activities ha
followed the theoretical development of the MCT theory.1 It
is demonstrated that MCT is particularly successful in
scribing the dynamics of glass formers resembling ha
sphere systems such as colloidal suspensions9,10 and also
ionic and molecular systems which represent fragile
tremes of Angell’s classification scheme.11–13For intermedi-
ate and strong glass formers experimental results for
structural relaxation dynamics appear to qualitatively follo
the MCT predictions.14–16 However, it seems that for th
stronger glass formers the theory fails to describe the dyn
ics at high frequencies and it has been explained by
strong vibrational contributions present in these syste
Moreover, it seems in retrospect that vibrational states c
tributes to the relaxation scenario also in the case of
fragile glass formers, though the deviations from MCT b
havior is much smaller.15 MCT has been theoretically furthe
developed for such complicated systems as polymers.17,18

Again the main features of the original theory prevail a
have for a few cases been experimentally confirmed.19,20

A general problem in testing the MCT theory is the wi
dynamical range needed to be able to experimentally fol
the relaxation dynamics of a glass former. In this work
combine dynamic light scattering techniques which enable
to follow the dynamics over a time range of 16 decades. T
study concerns a polymeric glass former, poly~propylene
ue
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glycol! ~PPG!, of low molecular weight (MW54000) corre-
sponding to approximately 68 repeat units. The relaxat
behavior of PPG has been probed using photon correla
spectroscopy~PCS! together with combined depolarized R
man and Brillouin spectroscopy by which the enormous
namical range 10212– 104 s is covered. Using such a wid
time range we aim particularly to follow the influence of th
vibrational contributions on the relaxational processes as
system is cooled from the liquid state over the supercoo
regime to the glass. Some of the PCS results of PPC h
been reported previously21 while the Raman and Brillouin
data are new.

II. MODE COUPLING THEORY PREDICTIONS

Above the critical temperature,Tc , mode coupling
theory1 suggests a two-step decay of the relaxation funct
of density fluctuations,f(t), generally being referred to a
theb and thea processes, respectively. The faster of the tw
the b process, is expected to decay between microsco
times and a certain crossover time,t1 , towards an interme-
diate relaxation level of the system defined by the so-ca
nonergodicity parameterf q

c . The last part of this decay is in
MCT expressed by a power law,f(t)2 f q

c5hq(t/t0)2a,
wheret0 is a temperature-independent time constant andhq

is the so-called critical amplitude.hq as well asf q
c are pre-

dicted to be smooth and positive functions of the wave v
tor q. The second step of the decay is dominated by tha
process, which occurs at longer times and by whichf(t)
decays fromf q

c to 0. The initial part of the second step
predicted to follow a von Schweidler decay,f(t)2 f q

c

}2(t/t)b, while at longer times it is well described by th
KWW function @Eq. ~1!#. It is the relaxation time of this
process that is predicted to diverge atTc @see Eq.~5!#.
Around the f q

c level f(t) is approximately described by a
interpolation formula:

f int~ t !5 f q
c1As@~ t1 /t !a2~ t/t1!b#, ~6!

with the exponents being within the range 0,a,0.4 and 0
,b<1. For a more accurate analysis of the behavior aro
the nonergodicity levelf q , higher-order terms should be in
cluded in Eq.~6!. In the present work we will however us
Eq. ~6! based on only the leading terms for discussing
experimental data.

The relaxation function can experimentally be probed
ing time domain techniques, such as for instance pho
correlation22 or spin-echo neutron-scattering19 methods, by
which one can directly measuref(t). Alternatively, the dy-
namics can be probed in the frequency domain using o
techniques such as quasielastic neutron scattering or dep
ized light ~Raman and Brillouin! scattering. Then the relax
ation dynamics is conveniently expressed by the dynam
susceptibility,x9(v). Transforming Eq.~6! to the frequency
domain, x9(v) will exhibit a minimum between the two
power-law asymptotic regions, defined by exponentsa and
2b at high, respectively, low frequencies. The MCT sc
nario around the minimum in the susceptibility spectrum,
T.Tc , is schematically shown in Fig. 1 and the correspon
ing interpolation formula is given by
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56 11 621DYNAMICS AROUND THE LIQUID-GLASS TRANSITION . . .
x9~v!5
xmin9

a1b FbS v

vmin
D a

1aS v

vmin
D 2bG , ~7!

where the parametersa andb are the same as in Eq.~6!. The
parametersvmin and xmin9 define the minimum which
changes as the temperature changes and thea relaxation~the
low-frequency peak in Fig. 1! slides along the frequenc
axis. The behavior of the high-frequency side of the mi
mum is supposed to be only weakly temperature depen
which results in the following relations:

vmin}va
b/~a1b! ~8!

and

xmin9 }va
ab/~a1b! , ~9!

whereva}1/ta defines the peak position of thea relaxation.
From Eqs.~8! and~9! we obtain a relation that can be used
determine thea exponent

xmin9 }vmin
a , ~10!

without any assumption of the temperature dependenc
va . The temperature dependence predicted by MCT is gi
by the power-law behavior of Eq.~5!, with the exponentg
related to the exponentsa andb according to

g5
1

2a
1

1

2b
. ~11!

Using Eqs.~8!, ~9!, ~11!, and~5! MCT suggests the follow-
ing temperature dependencies for the parameters of the m
mum:

vmin}
1

t1
}~T2Tc!

1/2a, ~12!

xmin9 }As}~T2Tc!
1/2. ~13!

The exponentsa andb are apart from Eq.~11! predicted to
be closely related through the common value of the coup
parameterl:

FIG. 1. Schematic picture showing the combined effects on
susceptibility of two relaxation processes as one of the proce
~the lower-frequency one! moves towards higher frequencies wi
increasing temperature. The higher-frequency process is tem
ture independent. Dash-dotted curve represents the interpol
formula of Eq.~7!.
-
nt

of
n
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g

l5
G2~12a!

G~122a!
5

G2~11b!

G~112b!
. ~14!

Equations~11! and ~14! relate the temperature evolution o
the relaxation~determined by exponentg! with the actual
shape of the time decay~determined by exponentsa andb!
and are key equations in experimental tests of the MCT p
dictions. A graphical representation of the two equations
lating g and l to a and b are presented in Fig. 2~a!. It is
obvious that one can obtain all the parametersa, b, g, or l
by just measuring one of them. However, Fig. 2~a! shows
that uncertainties in the experimental determination of
a-parameter result in much larger uncertainties for the ot
parameters than determining theb parameter for obtainingg
or l. A more solid route for a test of the MCT is to measu
both thea andb parameters independently and then test E
~14! for a commonl value and if so test whether theg value
obtained though Eq.~11! can describe the temperature ev
lution of the viscosity anda-relaxation time.

It is interesting to note that MCT predicts a close relati
between the shape of the relaxation function@Eq. ~6! or ~7!#
and the temperature dependence of the relaxation time
viscosity @Eq. ~5!#. As g gives the steepness of the curve
the relaxation time vs 1/T plot it can be viewed as a measu
of the fragility just as theD parameter of the VFT equatio
@Eq. ~3!#. Indeed, Bo¨hmer et al.3 have recently shown tha
for a wide range of systems there is experimental evide
for a correlation between the fragilitym, expressed as the
slope atTg in a log10^t& vs Tg /T plot

m5
d log10^t&
d~Tg /T!

U
T5Tg

'161
590

D

and the nonexponentiality~expressed bybKWW! of the relax-
ation function. In Fig. 2~b! we show the approximate relatio
obtained experimentally connectingbKWW at Tg and theD
parameter. ThebKWW value of the KWW function@Eq. ~1!#
describing thea relaxation is usually close to theb value of
MCT and therefore related tol. An approximate relation

e
es

ra-
on

FIG. 2. Graphic representation of~a! the relation between the
exponentsa, b, g, andl of MCT @Eqs.~5!, ~11!, and~14!# and,~b!
the empirical experimentally found correlation between VFT a
KWW functions, Eqs.~2! and ~3! ~shaded area!, see text. The
present results obtained for PPG using PCS are indicated~dashed
lines and arrows!.
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11 622 56BERGMAN, BÖRJESSON, TORELL, AND FONTANA
connecting bKWW to l has been given by Kim and
Mazenko,23 bKWW52 ln(2)/ln(12l), and it is included in
Fig. 2~b!. Figure 2~b! then gives the opportunity to relate th
MCT parameterl to bothbKWW andD, the traditional pa-
rameters used to describe the non-Debye and non-Arrhe
behavior of glass formers. Then by combining Figs. 2~a! and
2~b! which have a commonl axis, it is possible to compar
all MCT parameters with the traditional parametersbKWW
andD. We note, however, that experimental data ofbKWW
often reveal a temperature dependence24–26 such that com-
parisons using Fig. 2 should be performed with caution.

The viscosity is in the original simplified MCT represe
tation suggested to diverge at the critical temperature,Tc .
There are however no experimental evidence of any crit
behavior of the viscosity but rather there seems to b
smooth crossover from a high-temperature region where
~5! holds to a low-temperature regionT,Tc where the tem-
perature dependence is close to Arrhenius. A smooth cr
over can theoretically be obtained by incorporating activa
hopping processes as possible motions belowTc when the
molecules are caged by their surroundings. In the so
tended MCT~Ref. 4! the hopping processes are accoun
for by an extra parameterd in the memory function. It im-
plies that also belowTc a two-step decay of the relaxatio
function and a minimum of the susceptibility is expected

On the other hand, Yeo and Mazenko27 have shown that
by introducing defect fluctuations which couple to dens
fluctuations, the MCT scenario is altered such that there is
evidence of any critical temperature,Tc . Moreover, such a
coupling leads to a temperature-dependentl value and there-
fore to temperature-dependenta, b, and g values. This in
turn implies a temperature dependence of the stretching
rameter,bKWW , which has been observed to be the case
many experimental systems.24–26 We also note that Schmit
et al.28 have derived another version of MCT in which aga
the sharp transition of the original MCT is absent.

III. EXPERIMENT

PPG ~MW 4000! purchased from Polyscience Inc. wa
dried at 70 °C in a vacuum oven for several days and t
degassed by repeated freeze-dry cycles on a vacuum
This procedure effectively eliminates water and any low M
PPG residual from the polymerization. The rather visco
PPG was then forced through a 0.22-mm filter ~Millipore!
directly into a clean square optical cuvette used for the lig
scattering experiments.

Photon correlation experiments were performed on
PPG sample to probe the relatively slow relaxational dyna
ics around the calorimetric glass transition. During the m
surements the sample was kept in a liquid-nitrogen co
finger cryostat~Oxford Instruments!. The accuracy of the
temperature measurement is estimated to be60.5 K. An
Ar1 laser ~Spectra Physics!, operating at 488 nm with an
output power of;500 mW, provided the incident radiation
Light scattered at an angle of 90° was detected, digitiz
and fed to a correlator~ALV-5000! which covers the wide
range of about 12 decades in time. The correlator calcul
the normalized autocorrelation function of the scattered
tensity which, in case of homodyne detection, is related
the field correlation function,g1(t), by
ius
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^I ~ t !~ I ~0!&

^I &2 511sug1~ t !u2, ~15!

wheres is the instrumental coherence factor ('0.9). In the
present study of relaxation dynamics of a polymeric gla
formerg1(t) can be identified as the relaxation functionf(t)
addressed by MCT since the scattered field is mainly cau
by density fluctuations in the sample.29

For investigations of the faster dynamics frequency d
main measurements were performed using a four-pass
ing spectrometer~Sopra DMDP 2000! and a tandem Fabry
Perot interferometer~Sandercock!. The measurements wer
made in a helium cryostat for low temperatures and in
oven for the high temperatures. The temperature stab
was better than61 K in each case. Depolarized ligh
scattering measurements were done using either the 488
or the 514 nm line of an argon laser with a power less th
500 mW. The grating spectrometer measurements w
taken in the temperature range 10–375 K using three dif
ent slit widths in order to cover the frequency range 10–60
GHz without any influence of elastically scattered light. T
interferometric measurements were performed only ab
room temperature using three different free spectral ran
~10, 30, and 90 GHz, respectively! of the interferometer,
which had a finesse of about 100. The different grating sp
trometer and interferometer spectra were matched to e
other using the overlapping frequency regions. The obtai
frequency spectrumI expt(n) is related to the imaginary part o
the light-scattering susceptibilityx9(n) through

x9~n!}I expt~n!/@n~n,T!11#, ~16!

wheren(n,T) is the Bose-Einstein population factor.

IV. RESULTS

A. Time domain results „PCS…

In Fig. 3 we present the previous PCS results of the d
sity correlation functionsf(t) for PPG reported from this
laboratory21 together with present measurements. Spec
were obtained over the temperature range 186–221 K.
relaxation function is for almost the whole time range a
for all temperatures studied well described by the KW
stretched exponential, Eq.~1!, with bKWW'0.39 and with a
relaxation time that rapidly increases as temperature
creases, see Fig. 4. For comparison we include in Fig. 4
for the average relaxation time reported for thea process
from dielectric measurements30,31 and from Brillouin32 and
impulsive stimulated light scattering~ISS! spectroscopy.33

As can be seen in Fig. 4 the data for^t&, as also forbKWW ,
are in accordance with those of the main relaxation proc
in PPG and we conclude that the dominant relaxational f
ture observed in the PCS study is thea process. However, a
short times there are deviations from the KWW fits~see inset
of Fig. 3! which indicates the presence of some faster rel
ation process, e.g., the so-calledb relaxation of MCT. Al-
though these observations are made at the short-time lim
the PCS window and the experimental scatter is large
deviations are significant and systematic. The origin of t
short time deviation is probably due to a relaxation with
shorter relaxation time than the PCS time window allows
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FIG. 3. Relaxation functions obtained for PPG~4000! by PCS in the temperature range 192–221 K~192, 198, 200, 205, 208, 211, 214
218, 221 K!. Inset shows data taken belowTg which display a second short-time relaxation step. Dashed lines represent KWW@Eq. ~1!#
extrapolations to longer times. Full lines represent power-law decays towards the nonergodic level. The total experimental time is
by the arrow.
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to determine. However, its long-time tail can still be seen
our time window. Using a two-step relaxation approach,
cording to the MCT, the short-time behavior can be d
scribed by a power-law decay towards the nonergodi
level and thereafter another power-law decay follows
scribing the slowera process. The obtained exponentsa
50.2360.05 andb50.3660.02 of such an analysis~see
inset of Fig. 3! fulfills the MCT relation Eq.~14! and gives
l'0.8760.02 andg'3.660.2 as shown in Fig. 2~a!. The
resulting uncertainties ofl and g are based on the rathe
well-definedb value, whereas the errors of thea value will
give significantly larger uncertainty. The so obtainedl andg
results are consistent with a MCT analysis20 of dielectric
data of PPG~Ref. 34! and describe the high-temperature b
havior of the viscosity withTc523662 K ~see inset of Fig.
3 of Ref. 21!.

A Vogel-Fulcher-Tammann~VFT! equation, Eq.~3!, was
fitted to the present data for the relaxation times of thea
process and previously reported Brillouin and ISS data.33 We
obtain T05157 K andD510.8, see full line in Fig. 4, the
latter indicating that PPG is a glass former of intermedi
fragility. The fit gives however a somewhat low value for t
preexponent,t0510215.2 s. High-quality dielectric data for
the a-relaxation times are best fit usingD56.7 and
T05165 K.31 Thus, the dielectric data differ significantl
from the present light scattering data, in particular in t
high-temperature range. Similar findings have been obse
in other glass formers.25
-
-
y
-

-

e

e
ed

MCT suggests that the high-temperaturea-relaxation time
follows a power law, Eq.~5!, and it is represented in Fig.
as a dotted line. The latter was generated usingTc5236 K as
obtained from the fit to viscosity data withg53.6 deter-
mined from the measured exponentsa andb, Eq. ~6!. It can
be seen that the power law provides excellent fit to the hi
temperature (T.Tc), light-scattering data. As thea process
does not freeze atTc , the VFT function provides a better fi
over the whole relevant time-temperature range.

At higher temperatures we notice another deviation fr
the KWW behavior present as a tail at the long-time end
the a process. The deviation is more clear in the represe
tion of Fig. 5 where we show thef(t) data subtracted by a
KWW function, the function used was obtained from fits
f(t) omitting the tail at the long-time end. While the orig
nal completef(t) curves are best fit using abKWW value of
'0.39 the ones used for subtractions, i.e., excluding
long-time tail, are better characterized bybKWW'0.43@indi-
cated with a dashed line in Fig. 2~b!#. The results in Fig. 5
show a residual decay off(t) with a characteristic relax-
ation time exceeding that of thea process with more than
one decade. Furthermore, the residual decay seems to be
distributed ~bKWW'0.7! than thea relaxation though the
huge experimental scatter of the data only allow rough e
mations. This uncertainty naturally imply enormous err
bars on^t&.

In Fig. 4 we include the average relaxation times es
mated for the residual decay which exhibits roughly the sa
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11 624 56BERGMAN, BÖRJESSON, TORELL, AND FONTANA
temperature dependence as the normal mode
a8-relaxation process measured by dielectric spectrosc
the latter being attributed to the motions of whole cha
through the fluctuations in the end-to-end vector.30 We thus
attribute the slow residual decay to motions of the wh
chains.

B. Frequency domain results

Spectra in the high-frequency rangen.1 GHz, obtained
by combining depolarized Brillouin and Raman spectra
shown in Fig. 6. The spectra in Fig. 6 are shown in a sca
representationI (n)5I expt(n)/$n@n(n,T)11#%, wheren(n,T) is
the Bose-Einstein population factor, to reduce for trivial te
perature induced population effects. It can be seen in
figure that at low temperatures the spectrum is comple
dominated by a broad assymetric vibrational mode, the
called boson peak which has been observed for most d
dered amorphous materials. With increasing temperatu
quasielastic contribution grows continuously and it dom

FIG. 4. Arrhenius plot of the mean relaxation times for PP
~4000!. Photon correlation data for the maina process are marked
with filled circles, whereas data for thea8 relaxation are marked
with filled diamonds. ISS~Ref. 33! and Brillouin data~Ref. 32! are
marked with crosses and a filled triangle, respectively. Dielec
data reported by Scho¨nhalset al. ~Refs. 30 and 31! for the a8, a,
andb relaxations are marked with open squares, open triangles
open circles, respectively. Solid curve represents a fit of the V
equation@Eq. ~3!# to thea process observed with the different ligh
scattering techniques, the dotted curve represents a fit of the M
power law @Eq. ~5!# to the high-temperature data and the dash
curve represents an Arrhenius equation through the dielectricb re-
laxation data.
or
y,
s

e

e
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e
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-

nates completely the spectrum for the higher temperatures
Fig. 7~a! we show the data in the susceptibility form and in
Fig. 7~b! the data are scaled such that the minima overla
The scaling is performed by dividing the frequency and th
susceptibility data with the corresponding values at th

c

nd
T

T
d

FIG. 5. Deviation of the long-time part of the relaxation func
tion from a KWW behavior@Eq. ~1!# showing the existence of an
additional long-time process. Solid curves represent fits to the d
with a KWW function usingb50.7.

FIG. 6. Depolarized Raman scattering data of PPG~4000! in the
temperature range 10–375 K. Experimental intensities have be
corrected for the Bose-Einstein population factor.
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minima, such that the region around the minima could
described by a master function. According to the MCT p
dictions the spectra in Fig. 7 should adhere to the interp
tion formula, Eq.~7!, with exponentsa andb related through
Eq. ~14!. The best free fit~dashed line! to the minima of the
master function givesa'0.73 andb'0.44. It is obvious that
the a and b values, obtained above from lower frequenc
using the PCS technique fail to describe the susceptib
master curve, see the full line in Fig. 7~b!. In fact thea value
obtained from the fit to the master curve ('0.73) is higher
than the limiting value ('0.395) in the MCT. Another ap
proach to obtain the exponenta is to plot log10 xmin9 versus
log10 nmin , and according to Eq.~10! a is then given by the
slope. Such a plot is shown in Fig. 8 and from the slope
obtaina'0.75, i.e., close to the value obtained from the
to the master curve in Fig. 7~b! as expected. We note, how
ever, that the construction of a master curve can hide t

FIG. 7. ~a! Susceptibility spectrax9(n) for PPG ~4000! from
depolarized light scattering using a combination of interferome
and grating techniques.~b! Master plot of the data in~a! scaled such
that the minima coincide. The solid curve represents the MCT
terpolation formula, Eqs.~7! and ~14!, using l as determined by
PCS. The dashed curve represent a free fit to Eq.~7!, i.e., a andb
are not restricted by Eq.~14!.
e
-
a-

s
y

e
t

-

perature dependencies of the exponentsa and b, which
would be in conflict with MCT. Indeed, fitting each spectrum
individually reveals a temperature dependence of thea ex-
ponent, see inset of Fig. 8, contrary to the MCT prediction
Moreover we find that also theb exponent exhibits a tem-
perature dependence. Interestingly, we note that the value
b obtained by the combined depolarized Brillouin-Rama
technique approaches that obtained by the PCS techni
(b'0.36) at lower temperatures where a larger part of thea
relaxation is seen in the time window. Thus we note that t
a relaxation can indeed be described by approximately t
same exponent over the whole relevant time-frequency ran
while this is not the case for the fast dynamics of theb
process.

According to Eqs.~12! and ~13! nmin
2a and xmin92 should

have a linear temperature dependence and extrpolate to
at Tc . Using a50.73 as obtained from the fit to the maste
curve we obtainTc'265 K which is'30 K above the re-
portedTc . If we instead usea50.23, as obtained in our PCS
study, we obtain, from Eq.~12!, Tc'180 K which is clearly
belowTg . It is obvious that the contribution from the boso
peak has to properly be taken into account before a qua
tative MCT analysis can be performed on the susceptibil
data of PPG.

V. DISCUSSION

A. The a and b relaxations

Above Tc we obtain, by fitting the susceptibility to the
suggested interpolation formula Eq.~6!, temperature depen-
dent a and b values, though it is possible to construct
master curve witha50.73 andb50.44 see Fig. 7~b!. These
values do not give the samel, see Fig. 2~a!, and thea value
is higher than allowed within the MCT. The position of th
minima follow Eq.~10! with a practically identicala value,
however, it does not follow Eqs.~12! and~13!. The failure to
obey the MCT scaling relations seems to be related to s

c

-

FIG. 8. Double-logarithmic plot ofxmin9 vs nmin . The solid line
represents a linear fit with slopeaeff50.75. The inset shows the
temperature dependence of thea andb parameters as obtained from
free fits.
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nificant influence of vibrational dynamics, i.e., the presen
of a strong boson peak. Similar findings have been repo
for other nonfragile network forming glassformers in whi
the vibrational dynamics is much more pronounced than
fragile non-network systems.

As the minimum inx9(n) moves to lower frequencie
and out of the influence of the boson peak when tempera
is decreased one would expect that the MCT picture ho
Unfortunately, we can not follow the minimum below 260
in the frequency representation due to the limited dynam
range of the spectrometer. However, using PCS, it is poss
to measuref(t) at long times corresponding to considerab
lower frequencies. As seen above we observe thea relax-
ation atT,Tc , i.e., it is not arrested atTc as suggested in
the ideal MCT. According to MCT such a deviation may
caused by hopping processes or coupling between de
and defect fluctuations which smooth the transition.4,35 Then
MCT predicts that belowTc the short-time dynamics are sti
ruled by a critical decay with the exponenta unchanged4,35

and, thus, the two-step scenario suggested aboveTc should
be valid also belowTc . Although theb process is assume
to contribute mainly to short times, i.e., close to a mic
scopic vibrational time, its long-time tail may be visible
the PCS time window. Such a picture can explain why
can see the predicted two-step behavior atT,Tc in PCS
with exponentsa andb fulfilling the MCT relationship and
also describing the viscosity behavior
T.Tc @Eqs.~5!, ~11!, and~14!#. It furthermore suggests tha
for glass forming systems exhibiting a strong boson pe
generally nonfragile ones, the MCT two-step relaxation
cay scenario may paradoxically be best studied belowTc
since then the relaxation processes are slow and the m
mum of x9(n) is far away from the Boson peak. Indeed,
indicated by the dashed line in Fig. 7~a! it seems as if the
low-frequency end of the low-temperaturex9(n) data~close
to Tg5200 K! can be described by a power law with th
exponent close to the one obtained in the analysis of the
data (a'0.23).

Deviations from the predicted MCT behavior of the hig
frequencyb relaxations have been reported for several int
mediate and strong glasses14–16 and also, but less pro
nounced, for fragile systems.15 In Fig. 9 we plot the values
for the ratioaeff /aMCT vs the fragility (m), whereaeff is the
value obtained from the fit of the minum parameters a
aMCT is the value corresponding to theb-value according to
the MCT relation Eq.~14!. As seen in the figure the rati
increases slowly for decreasing fragility for the nonhydrog
bonded systems Ca0.4K0.6~NO3!1.4, orthoterphenyl,
m-tricresyl-phosphate, salol and B2O3, while for the hydro-
gen bonded materials glycerol and PPG~4000!, the devia-
tions are even larger than this general trend.

In Fig. 10 we show the present susceptibility data toget
with the PCS data transformed tox9(n) in order to give the
full picture of our data in one figure. The PCS data of thea
relaxation is plotted as Havriliak-Negami functions obtain
using the fitted KWW parameters and the relation betw
Havriliak-Negami and KWW parameters found by Alvar
et al.36,37The figure is constructed to give a pictorial view
the dynamics involved in the glass transition in PPG~4000!.
Compared with the MCT scenario in Fig. 1 there are ma
similarities but also differences. The most important dev
e
d
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tion is that the intensity in the fast relaxation range decrea
strongly with decreasing temperature also belowTc . Note
that the decrease is not related to the ‘‘knee’’ as predicted
MCT to occur belowTc as crossover between the fast rela
ation and the white noise spectrum. Thus, atT,Tc there is a
marked deviation from the MCT scenario even on a qual
tive level.

B. The boson peak

The origin of the boson peak has been much discus
recently.1 Suggestions range from localization of phono
when the wavelength is comparable to the typical len
scale for structural disorder, to cluster type modes. In
present case the boson peak is clearly seen at low temp
tures but becomes completely covered by a quasielastic
tribution at high temperatures (.240 K), see Fig. 6. The
behavior is markedly different from strong glass forme
such as B2O3 ~Ref. 16! and GeO2 ~Ref. 38! for which the
boson peak is observed well above the glass transition t
perature.

C. The a8 relaxation

The PCS measurements on PPG show that the relaxa
function just aboveTg is well described by a KWW function
but at higher temperatures a long-time tail appears~see Fig.
5!. We note that the dynamical features of this addition
process is similar to what is found in dielectric spectrosco
for thea8 relaxation, i.e., similar stretching of the time dec
and roughly the same temperature dependence of the re
ation time though the experimental scatter of the PCS d
make any quantative analysis vague. This additional proc
might be due to the so-called normal mode motions of
polymer chain.39 The dielectric data have shown that th
relaxation time of this process isMW dependent, in accor
dance with Rouse dynamics, and in contrast to theMW inde-
pendenta process for PPG ofMW.400. However, theMW
dependence were shown to be affected by the OH end gro

FIG. 9. Values ofaeff /aMCT vs the fragilitym for various glass
formers ~Refs. 15 and 16!. The solid line is a guide for the eye
drawn through the data for the glass formers without hydrog
bonds.
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FIG. 10. Combined depolarized Raman and Brillouin data~high frequencies! together with Havriliak-Negami representations of KWW
relaxation functions fitted to the time domain PCS data. The solid curves represent the approximate range covered by PCS. The do
represents MCT interpolation@Eq. ~7!#. The dashed curves extend the Havriliak-Negami function to higher frequencies. The dash-dott
represents the temperature dependence of the frequency dependence of the susceptibility minima, as obtained from Fig. 8. The jo
low- and high-frequency regions is only approximate. Theb relaxations were interpolated using MCT@Eq. ~7!# with the a andb values as
obtained from the analysis of the PCS data, and scaled to the minimum of the high-frequency data taken at 260 K~the lowest temperature
for which we can discern a minimum!.
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which links PPG chains via hydrogen bonds and thus p
ducing a longer effective chain. Light-scattering measu
ments of PPG with different molecular weights and with t
OH end groups replaced by CH3 end groups to elucidate th
MW dependence is currently being performed.

We note that the dielectrica anda8 double-peak scenario
in PPG has been explained by Fuchset al. within the frame-
work of MCT ~Ref. 20! and also by Ngaiet al. using the
coupling model.40

VI. CONCLUSIONS

The structural dynamics of PPG has been investiga
over wide dynamical ranges using light-scattering te
niques. A rather complex behavior is observed. The s
structural relaxation observed close toTg in the time domain
using the photon correlation technique is found to clos
adhere to the MCT relaxation scenario with exponentsa
50.2360.05 andb50.3660.02, which in accordance with
MCT gives a commonl value within the experimental error
Moreover, the high-temperature viscosity data can be w
described using the MCT power law@Eq. ~5!# with Tc
'236 K and an exponentg calculated from the obtainedl
value. This result is in accordance with the analysis of
electric data on PPG by Fuchset al.20

The data from the frequency domain obtained from co
bined Raman and Brillouin measurements show a minim
in the high-frequency susceptibility spectra which can be
scribed by an interpolation formula as suggested in MC
-
-

d
-
w

y

ll

i-

-
m
-
.

However, the high-frequency susceptibilities are too infl
enced by the boson vibrational peak to give results consis
with the MCT. This observation has also been made in rec
experiments on hydrogen bonded or strong covalen
bonded glass formers.15,16,41,42

Thus, we observe a relaxation scenario qualitatively
accordance with MCT, i.e., ana-relaxation peak moving to-
wards a high-frequency peak as temperature increases
have shown that the dynamic region around the plateau~in
time domain! or the minimum~in frequency domain! can be
described by the MCT interpolation formulas. However, t
exponents obtained at high temperatures and frequencie
not obey the MCT predictions. Moreover, the intensity at t
high-frequency side of the minimum decreases strongly w
temperature also belowTc contrary to MCT. Finally, at times
longer than that of thea relaxation we observe a slowe
process which we attribute to normal modes relaxation of
whole chain, the so-calleda8 relaxation.

We conclude that MCT at present cannot fully descr
the dynamics of the polymer, poly~propylene glycol!, devia-
tions being observed in the short-time dynamics close to
Boson peak.
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