PHYSICAL REVIEW E 66, 011502 (2002
Relaxation processes in an epoxy resin studied by time-resolved optical Kerr effect
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The dynamics of the epoxy resin phenyl glycidyl ether, a fragile glass-forming liquid, is investigated in the
liquid and supercooled phases by time-resolved optical Kerr effect experiment with an heterodyne detection
technique. We tested the mode-coupling theory and found that the predicted dynamic scenario allows to
reproduce properly the measured signal,tferl ps, in the whole temperature interval investigated. Further-
more, the values of . and\, obtained from the analysis of three different and independent dynamic regimes
(a regime, von Schweidleg regime, are in remarkable agreement. Moreover, relaxation times obtained from
optical Kerr effect and dielectric spectroscopy measurements are compared. The two time scales differ only for
a constant factor in the whole temperature interval investigated.
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[. INTRODUCTION nigues is a difficult job, such an approach can greatly enrich
the knowledge of the observed relaxation, helping also a
Glass-forming systems can be supercooled below thstronger definition of the universal behavior of the super-
melting temperature in a metastable liquid phase withoutooled statg10,11].
crystallizing. The principal feature of supercooled liquids is In the middle of the 1980s a new theory, called mode-
the strong slowing down of the structural relaxation procesoupling theory(MCT) [1], was proposed attempting to ex-
resulting from a temperature lowering. This phenomenon iglain the glass transition phenomenon from a purely dynami-
quite huge near the liquid-glass transition temperaflye cal point of view. The MCT originates from the solution of a
where the cooling causes a freezing of the structural dynanset of nonlinear equations for the evolution of the correlators
ics in a glassy state. The microscopic mechanisms underlyaf density fluctuations(p(t)p(0)). In its simplest form,
ing the slowing down of the structural dynamics are nowa-<called “idealized MCT,” the theory predicts a transition at
days subject of a heated debate in condensed matter physi¢e critical temperatur@. from an ergodic dynamical regime
In the last years the development of computational and extT>T_), where the correlator of density fluctuation decays
perimental techniques stimulated new theoretjdat3] and to zero, to a nonergodic regimel €T.), where the cor-
experimental work$4—9] in order to reach a deeper insight relator remains at a finite value. The theory, even in the ideal
on this argument, even if a complete knowledge is far to beversion, describes in detail the dynamics of supercooled lig-
achieved because of the complexity of this phenomenoruids in the moderately viscous regime where it predicts the
From an experimental point of view, the main problem is toexistence of two different regions of relaxation @nd g
study the evolution of the dynamics measuring over the enregime and, as we will see later, accurate functional forms
tire range from times of the order of picoseconds to 100 s, atlescribing the evolution of the time correlator. Despite the
which the glass transition conventionally takes place. On th¢heory was formulated for the evolution of density fluctua-
other hand, none of the theories presented till now accourtions taking into account only translational degrees of free-
for all the features characterizing the dynamics of superdom, in the last years several theoretid#l] and experimen-
cooled liquids. In this scenario, more accurate predictions ofal works[4,7,13,14 tested with success the applicability of
the dynamics evolution and effective analytical formula forthe theory for density fluctuations involving even the mo-
fitting the data are highly desirable. Moreover, it is importantlecular orientational degrees of freedom, as it happens in
to perform experiments over the extremely wide time rangesxperiments based on optical Kerr effect.
typical of the dynamics of supercooled liquids, as well as to The optical Kerr effect(OKE) spectroscopy technique
provide more accurate data for a reliable testing of the theomeasures the evolution of the derivative of the correlation
retical predictions. At the state of the art, dielectric spectrosfunction of dielectric susceptibility related to orientational
copy, employing quasioptical submillimeter spectrometerglegrees of freedom. Based on a pump and probe pulsed tech-
besides more conventional frequency response analyzers, ngue, it allows to measure the relaxation process directly in
the only technique that can cover the time interval of interesthe time domain, covering a dynamical range from 100 fs to
[5]. Alternatively results from different experimental tech- 4 ns with a good signal to noise ratio. These characteristics
nigues can be combined to cover the widest dynamicainake OKE spectroscopy particularly important in probing
range, provided that a careful analysis takes into account thime dynamics of liquids in the hardly supercooled phase and
difference among the sensed dynamic observables. Howevesitable to check directly in the time domain the dynamic
although the matching of data provided by different tech-evolution scenario predicted by the MCT3]. Moreover, the
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possibility of measuring relaxation times as long as hundredwith a single wave vectog~0 , see Sec. Il A, we do not
of picosecond makes possible the comparison with relaxatioreport theq dependence in the following MCT predictions.
times measured by dielectric spectroscopy. The asymptotic solutions provide a two-step scenario for

The comparison of experimental results obtained by difthe relaxation dynamics: a short time region caljgcegime,
ferent techniques has been proved suitable for improving théhat can be subdivided into the so-called “critical” region
knowledge on relaxation behavior of supercooled systemfollowed by the “von Schweidler’(vS) one, and a long time
[5,10,11 but here it is employed using OKE and dielectric region calleda regime. The MCTS regime, also quoted as
measurements on the same compound, the phenyl glycidy-fast regime, has different nature and features from those of
ether(PGB. PGE is an epoxy resin that behaves as a fragilehe 8 relaxation observed in the dielectric spectra, also called
glass forming; the presence of the epoxy group and phenylig-slow relaxatior{5]. In both the vS and regions the MCT
rings makes this system particularly suitable for both dielecpredicts that the density correlators should satisfy the time
tric and optical study. Moreover, due to the relatively greattemperature superposition princigl€TSP.
value of fragility, it presents a huge increase in the relaxation Henced(t), for any temperature, is described by a single
time as the temperature decreases resulting in a good systdanctional form
for testing the glass transition theories.

The present paper is organized in five sections. In Sec. Il O (t)=fF,(tl7,), 2
the MCT model is presented focusing on those elements of
interest for our test. Section Il is devoted to the descriptionwhere f. is the nonergodicity parameter ang, is the
of experimental procedure focusing on the connection betemperature-dependent time scale that follows this scaling
tween the measured signal and the correlation function of thaw:
susceptibilities and also on the description of the experimen-
tal apparatus. In Sec. IV we present the analysis and discus- T (T=Te) 7. )
sion of the results: in the first three parts of the section we ) ) ) »
present the check of the MCT while in the last part a com-n thls_equanonT? is the “critical temperature” of the MCT
parison with dielectric data is proposed. In Sec. V finally@nd v is a material-dependent parameter. Theand y are

some final remarks are added to the discussion. key parameters for the analysis of MCT: in fait defines
the temperature where the predicted ergodic-nonergodic tran-

sition takes place and characterizes the relaxation pro-
Il. MODE-COUPLING THEORY cesses present in the glass former.

Since many reviews and papers about mode-couplin%aln the long time part of thex regime the functionalF,,

theories[15] are present in literature, here we only recall n be reproduced by the streiched-exponential function,

some results relevant for this work. The “idealized MCT” also called Kohlrausch-William-WatkWWw):
model is based on a number of coupled integro-differential ® (H=F exd —(t/7.)° 4
equations that define the evolution of the normalized density o) =feexd = (t/ra)7], @

fluctuations correlation function®(q,t). These equations where is the stretching parameter amg is again the char-

read acteristic relaxation time in this region. Boffy and 8 are
temperature independent, whitg scales according to E(B).
P (q,t) , ad(q,t) The_,B rggime, apart from the_ shorter time_microscqpic
—5 — tQgP(q.t)+ U dynamics, is described by an universal relaxation function:
ot
® 4(t)=f.+h|o| Y2, (t/7,), 5
ol bt p(t)=Fe+hlo] g, (t/7,) (5)
* qfodt Mg(t=t") at’ =0, @ whereo=(T.—T)/T., h is an amplitude factor, and, is a

second characteristic time scale. Tt/ r,,) is a function

. o _ dependent only on the parameterand is defined by the
where() is a characteristic frequency of the systeyg,isa  scaling equation of motiofiL5,16. The parameter, andh
friction coefficient due to the contribution of the fast degreesare temperature independent while the characteristic time is
of freedom, andmg(t) is the memory function that in the described by a second scaling law:
hard-sphere model, also called “microscopic or full MCT,”
is written as a quadratic function of the density correlation T,0(T—Ty) Y2, (6)
functions[16]. The memory function produces the coupling
between correlators characterized by different wave vector§he parametera and\ are material dependent and, as we
g. The full MCT presents the asymptotic solutions that arewill show in the following, they are unambiguously and
valid when the temperature is approachifig, the critical  uniquely related withy. The scaling equation can be solved
value. The asymptotic solutions predict some analytical funcanalytically in the asymptotic limit,o|<1. The leading or-
tions that describe the correlators relaxation. These functionder solutions are the “critical decayd, (t/7,) = (t/7,) Y%
apply for all the correlators and thg dependence appears in the very short time regiof ~*<t<r,, and the vS decay
only in the prefactor parameters and it does affect the maiw, (t/7,)=—B(t/7,)® in the following time regionr,<t
relaxation feature§16]. Since this work is concerning only <r,. The vS decay can be extended up to longer tines,
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~7,, thanks to the next-to-leading order correctigtf], lll. EXPERIMENTAL PROCEDURES
hence, forr,<t<r,, the density correlator can be described

as A. Time-resolved optical Kerr effect experiment with optical-

heterodyne detection

®,4(t)=f,—hB(t/7,)[1—K(t/7,)°]. 7 In a transient OKE experiment, an excitatior pump
polarized laser pulsiE., induces an optical anisotropy in the

Theb,B, andK parameters are temperature independent. Thé@mple. The relaxation towards the equilibrium of the in-
parametersd,a,y, and\ can be related through the Euler duced birefringence is _probed through the polarization
function T’ by the equationsy=1/2a+1/2b and \=[T'(1 change of a second polarized laser puige that propagates
+a)]2/1‘*(1+2a):[1“(1+ b)]Z/F(1+ Zb) in the ||qU|d nearly in the same direction of the eXCiting
An alternative solution of the scaling equation of motion, beam. Increasing the temporal delay between the excitation
that applies in the whol@ region forQ~l<t<r,, can be and the probing pulses allows to measure the relaxation of
obtained by a numerical calculation. The calculatgdt) the induced anisotropy directly in the time domain. In our

and so the relative correlator, see E8), are called the full €XPeriment, the intensity of the depolarized components of
B-correlator solutions. the probe beam, which represents the signal fi€ld is re-

A different route for data interpretation is based on com-véaled through a heterodyne detection scheme. In this con-
s interferes on the detector with an extra field,

parison of the measured data with the complete solutionfigurationEs _ o
obtained from schematic MCT moddls7]. Recently Simio-  c@lled local fieldg,q. . TheE,q is generated by, and it is
nesco and Krauzmail8] proposed a “two-correlators” directly proportional to it. The detected intensity is the sum
MCT model to fit light-scattering data of some glass formersCf three contributions: the intensity &, the homodyne

in order to reproduce properly the spectra in the high fre.contribution, and the heterodyne one. The heterodyne term

quency region. Indeed, they have been able to fit the spectt@D) is the interesting signal in this experiment and it can be

features in a very accurate way, including the microscopidVritten as[23]
and boson peaks features where, vice versa, the “one-

correlator” schematic MCT model partially failed. Neverthe- SHD(T)OCZRe( i nf+ dt‘ Epr(t—7) 2f+ dt'R(t

less some of the approximations used in this model are not — -

safely acceptable. A “slave-correlator” MCT model was sug-

gested by Sjgren[19] for the description of tagged-particle —t")|Eex(t") 2), (8)
motion in a glassy environment, and successfully used by

Franosch and co-workef&0] and by Gaze[21] to fit mea-
sured spectra of some fragile glass formers. The main advar\)\mere77 is a complex constant that depends on the Eay

tage of these approaches is that they do not rely on the aps yeneratedsee Sec. Ill BandR(t) is the response function
plicability of asymptotic formulas and that all the results on ¢ 1o system.

crossover phenomena and preasymptotic COITections are thg response of the system is directly related to the cor-

logically included in agreement with the MCT. Furthermore, yo|a1ion function of the dielectric constant,{) of the liquid
these theoretical models improve the analysis of the spectr[%4 25

allowing to extend the fitting time and temperature regions,

but unfortunately they introduce several substantial numeri-

cal and fitting complications. Nevertheless, some authors , o(t—t’") 9 ,

find that the asymptotic formulas qualitatively give an ad- R(g,t—t")oc— KT “t{En(—athey(a,n), 9
equate description of the d4ta1,22. In fact, the analysis of

light scattering data based on the MCT asymptotic solutions

or the two-correlators MCT model give substantially theVN€réKe is the Boltzmann constant, is the temperature,
same value for the MCT parametersand T, . 6(t) the Heaviside step function, argis the wave vector

The MCT was first formulated for correlation function of characterizing the spatial modulation of the anisotropy. The
the density fluctuations, see Ed), but it should also apply induced anisotropy is characterlze.d_ by a wave \{ector that is
for any observable that has superposition with density fluc- 8lmost zero ¢~0). When the exciting and probing pulses
tuation, i.e.{p(t)x(t'))#0, [15,16. Further in the last years duration is ghor(ln our experiment 50 fscompared to the
several theoreticdl12] and experimental workgs,7,13,14 c_harac_terlstlc response time of the system, the heterodyne
proved with success the applicability of the theory to theSignal is proportional to the response function of the system
molecular orientational degrees of freedom. For this reason feHp(t)<R(t). So the HD-OKE technique measures the ma-
is significant to test the theory with measurements collectedf"@! response function directly in the time domain and ac-
by OKE experimenf13]. cording to the Eq(9)

Finally we would like to stress that MCT predicts a de-
tailed relaxation pattern for the glass-former dynamics with 14
the parameters,b,y, and A that are strongly related and Sup(D= = 7 = Pee(1), (10
characterized by a defined temperature dependence. So a test
of MCT predictions on the experimental results is in our
opinion meaningful indeed. where®,, is the correlation function of dielectric constant.
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duces both a birefringent and a dichroic contribution. Indeed
the dichroic signal is very small and it can be safely ne-
glected[27].
BOX The signal, so generated, contains three terms: a constant
CAR o intensity produced b¥,,., a homodyneS,,o, and a hetero-
dyne termS, . To eliminate the first constant term the sig-
nal is revealed through a differential photodiodes system:
one diodeD1 measures the whole signal coming from the
PC sample; the other diodB2 is balanced with the reference
beam to compensate tHg,. intensity. The output of the
differential is set to zero, in absence of the pump beam, by
means of a continuously variable neutral density filter placed
in front of D2 diode. A boxcar gated integrator, synchronized
to a mechanical chopper placed on the exciting beam, col-
lects the output of the differential diode amplifier allowing
ODL an automatic subtraction of the other backgrounds present in
aa O the signal. The homodyne contribution is eliminated by sub-
P1 w g PO tracting two different measurements taken with opposite di-
B rection of the rotation of the\/4 plate. In fact, these two
\ Erx BS1 measurements are characterized by positive termsSfer

] and by theS,,p signal with opposite signs. A set of calibrated
% L3 ' 7 neutral density filters were used in order to increase the dy-

BS2 i
[ chop namic range of the apparatus.

per

C. Data collection

The HD-OKE data are composed by a number of time

FIG. 1. Experimental setup used for OKE measurement. Bsfoints corresponding to the scan of_ the optical delay line.
and BS2, beam splitter®0, P1, andP2, Glann-laser polarizers; 1€ present data have from 18Q@Bigh) to 2500 (low-
L1 andL2, quartz lensesE, optical cleavage; ND, variable neutral t€Mperature dajaime-points. For each time point the signal

density filter: DA, differential amplifier; ODL, optical delay line.  Intensity is the average over 500 laser pulses. The wide ex-
perimental time window is collected with three different

) scans composed of time points spaced in different way: from
B. Laser system and optical setup 0 ps to 4 ps we use a time step of 5 fs, from 2 ps to 18 ps we
The laser system used for the HD-OKE experiment isuse a time-step of 10 fs, and for the remaining time window
composed of a Kerr lens mode-locked Ti:Sapphire oscillatof: /09arithmic time step. The scans are matched to rebuild a
and a chirped pulse amplification systé&6]. The amplifi- single data, using an extreme attention to the signal consis-
cation system is a regenerative Ti:Sapphire cavity pumpe%enqy in the overlapping time regions. We useq laser p_ulses
. - : : _ f different energy and temporal length to optimize the signal
by a Nd-YLF (yttrium lithium fluoride laser, it delivers intensity: pump pulses of 50 fs and 1,2J (transform lim-
500 wJ, 50-fs pulses at a repetition rate of 1 kHz. In thejteq) are employed in the short scan and pump pulses of 1 ps
experimental setup, see Fig. 1, the laser beam is divided intgnd 12 1J (chirped in the long scan. With longer laser
the exciting and the probing beafabout 80%-20%by a  pulses it is possible to transfer a larger quantity of energy to
beam splitter BS1. The exciting beam arrives directly on thehe system without increase the instantaneous intensity of the
sample passing through a polarize®; the probing beam pulse. The signal is then characterized by a better signal-
goes through an optical delay line controlled by a computeroise ratio that allows to reach longer temporal region, as we
then it is splitted(BS2) generating the so-called reference €@n see in Fig. 2. Using the heterodyne detection and

beam and finally it arrives to the sample through a polarizeptréiched pulses more than five intensity decades and more

. At o than six temporal decades signals are detected.
P1 that selects the direction of polarization (45° respect to PGE sampléFig. 3, provided from Aldrich with a purity

the pump beam Both theEey and By, are directed on the o010 than 99%, was used without further purifying. The
sample by a 600-mm focal length lebd that realizes the  sample was placed in a 2-mm-thick quartz cell of very good

spatial superposition of the two pulses. A polariZ82  optical quality. The temperature was controlled by a cryostat
crossed respect 1 is placed after the sample; a wide band system within+0.1 K.

N4 plate is placed betwedPl and the sample and adjusted The HD-OKE data on PGE sample are collected in the
for minimum leakage of th&2 polarizer in presence of the temperature interval 265.3 K-352.5 K. In Fig. 3 we report

sample and of 1. E,,. used for the heterodyne detection is all the gxperimental data normalized to the instantaneous
generated by a small rotation of thé4 plate(in our experi-  €lectronic response peak.

ment the rotation is of an angke~3°) and it is proportional
to the probe fieldE, .= #E,, . In this configuration they

constant that appears in the heterodyne term, se¢8Eds OKE measurements show clearly three different temporal
n=e+ie [23]. Actually this experimental procedure pro- regions(Fig. 3): the first one (-0—200 fs) is characterized

IV. ANALYSIS AND DISCUSSION
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10" 3 MCT functional. In theB region the response function must
] be reproduced by the time derivative of E§), that is,
10° 3
Xo (99)\('[/7'(,.)
‘5 107 where y,=h|o|Y?7, 1e(T—T)@ V2 |n the a region
&, 107 R(t) should be the time derivative of E€R):
£ ] X
10" Ry (t)=— 5 ———F,(t/1,), 12
: (0=~ F S Pt (12
10° 3
] wherexaocfcrglm(T—TC)V. Also in the last part of thex
T regime the MCT theory predicts an analytical form of the
0 %0 100 150 200 250 300 350 400 450 800 coprelator, the KWW lawEq. 4], so the response function
1 [ps] becomes
FIG. 2. Heterodyne detected OKE signaR if arbitrary uni} B t\A1
of PGE at 322.9 K represented in a semilogarithmic plot. The con- Ra(t)ocfe pot ey exd —(t/7,)"]. (13
tinuous line represents a measurement performed with 50-fs pulses, @ @
the dotted line is the measurement with 1-ps pulses. In the vS time region the MCT predicts vS Id#q. (7)] that

gives the following response function:
by an instantaneous response that has to be mainly addressed
to the electronic dynamics, the second ¢inem ~200 fs to R,s(t)Bt? 1+ B,t? 1, (14
about 100 ps depending on temperatwhere the response

_ b _ 2b
is weakly dependent on temperature, and the third regiodneré By=hBb/7, and B,=—2hBKb/7;" with reference
to notation of Eq(7).

where the signal exhibits a slow relaxation strongly depen* i . o )
dent on temperature. In the first picoseconds, OKE measure- One difficulty of testing the MCT predictions is to estab-
sh the temporal range of validity of the and 8 regime. To

ments show the presence of the oscillatory dynamics due t this difficult d the followi d
intramolecular vibrational degrees of freedom, correspondQ\/erCOme IS difficulty we used the foflowing procedure.

ing to Raman frequencies=245 cni ! and 332 cm?. As First we tested the existence of a temporal region in agree-

we have seen in Sec. I, the MCT predictions concern th ment with the TTSP: in doing this we have superimposed the

Sinal part of each curve by scaling them by an amplitude and
correlation function behavior, while OKE measurements is, P y 9 y P

) s * “a temporal factor. In this way it was possible to find the
proportional to the system response function, i.e., to the timeajues of the amplitude factgr, and of the scaling time,, .

derivative of the correlation function of the dielectric con-\nithin the region of validity of the TTSP we fitted each
stant{Eqg. 10. So, in order to check the MCT pre_dict.ions, the experimental curve t®,(t) [Eq. (13)]. The temporal win-
OKE data have to be compared with the derivative of they,, has been selected to optimize the fit quality and the best

values of the parameters were found through a least square
10°3 fitting based on a Levenberg-Marquardt method. To repro-

3 duce the experimental curve in the faster temporal region,
limited at long times by the validity of the KWW law, we
tested the validity of the vS law with the next-to-leading-
order correctiofEqg. (14)]. As before, the fit time interval
was chosen to optimize the fit quality. From vS fit it has been
possible to obtain the values of the amplitude paramders
andB, and of the exponerti that is connected to exponen-
tial parametein.

The analysis of the first picoseconds OKE measurements
is troubled by presence of intramolecular oscillations that
prevents a safe and independent test of the critical decay in
this time region. In order to extend signal analysis to the fast
time region we used the MCT fulB correlator, Eq.(5).
Using a calculus program we produce a numerical curve
equivalent to the derivative of [®4(t)—f.]=
+h'|o|¥2g,(t"). The program, for any value of the input

FIG. 3. Bilogarithmic plot of OKE signals vs timeof PGE for ~ parametersX andT.), gives numerical curve where the time
the temperatures: 265.3, 273.8, 283.5, 293.1, 303.4, 312.9, 322.0, and amplitudén’ scale are in arbitrary units and they have
333.4, 343.0, and 352.5 K. to be normalized to the experimental scales. So comparing

R®) [a.0.]
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1404 (a)
f [a.u.]
120
3
s, ¥ }
8 100 4 }
[a s Tc +
80 < /
1o'°- T v 240 260 280 300 320 340 360
01 1 10 100 1000
t [ps 0.40
[p ] T —(17) i (b)
FIG. 4. Bilogarithmic plot representing the master plot of OKE 0'35'_
data obtained by scaling the time and amplitude of each signals. All .30
the signals are superimposed, in the long time region, taking as |
reference the measurement at 265.3 K. 0.25 4
0.20 4
the full B-correlator curves to the OKE data we found the 1
parameters, and 7, for each temperature and hence from 54 o
their scaling law the value of andT. . Finally we compared 1 c
the values ol and T, found from the different analysisy °‘1°'_
regime, vS regime, and fuf correlatoy. 0.05 - /
0.00 , — ———
A. Master plot and time temperature superposition principle 240 260 280 300 320 340 360
T [K]

The first objective of the analysis was to check the TTSP
and to define the temporal region where it applies. We have
rescaled all the OKE signals, corresponding to different tem-

FIG. 5. (a) Plot of the nonergodicity factofr, (squaresvs tem-
peratureT obtained from the time temperature superposition prin-

peratures, in time and amplitude on 265.3 K signal, which ig;jje (b) Plot of 7, (squaresvs temperaturd as deduced from the
the lowest measured temperature. As we can see in Fig. 4 altajing procedurésee text. The continuous line represents the lin-
the signals rescale onto a master curve. The time scalingar fit according to the scaling law E) while the dashed one is
factors have been subsequently multiplied y obtained jts extrapolation down td@.. The errors are not reported because
from the KWW fit of the 265.3 K curve in order to get the they are smaller than the symbols.

real values of thex-relaxation times. The scaling procedure
allows to get the amplitudg, and the timer, scales of the
a regime, see Eq12), and it turns out to be a precise pro-
cedure thanks to the signal-noise ratio. Frgmand r, we
can calculate the value of a parameter proportiondl, toin
fact from Eq.(12) f.«x,7,T. Errors affectingr, were com-
puted propagating the error of the corresponding scalin@
temporal factor with that of the value af, of the curve at
265.3 K, while that off; is computed from the errors of the
two scaling factors.

The values of the relaxation time, are presented in Fig.
5(b) in a linearized plot with the relative fit according to Eq.
3. The theoretical curve well reproduces experimental dat
by yielding T,=(229=3) K and y=2.6*=0.2 correspond-
ing to A=0.76+0.04. Also in some other molecular glass
formers it was found that the MCT describes the temperature The second step of the analysis was testing the KWW on
dependence of, in the moderately viscous regime at high the long time relaxation region. The derivative of the KWW
temperaturg7,5,13. law [Eq. (13)] well reproduces the experimental curves in the

In Fig. 5@ the calculated values of, are presented. long times region as we can see in Fig. 6 where four of them
Though they are scattered they do not present a real trerate represented with respective fit in a log-log plot. It is
and assuming, as expected from the theory, a constant valimportant to note that this fitting procedure is independent

it is possible to calculate its mean valudg=106+11 (one
standard deviation is taken as ejrdn a previous analysis of
OKE measurements oh toluidine [13] it was found thaff .
becomes larger as temperature decreases. Deviation from the
rediction of the MCT was found in the analysis of dielectric
ata and polarized Brillouin light scattering on propylene
carbonate but the same authors move some doubts about
their evaluation off; [21,28. However, in recent analysis of
polarized Brillouin light-scattering analysis @h toluidine

and toluene a temperature-independent valug @fas found

gor T>T.[22,29.

B. Slow dynamics and the MCT & regime
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with T [5,29,30 with a tendency to almost saturate at a cer-
tain value at high temperature. Finally it is noteworthy to
note that recently some photocorrelation measurements on
PGE were published corresponding to a temperature range
below 211 K, i.e., belowl . [31]. Even at this low tempera-
ture the long time region of the relaxation process can be
fitted to a stretched exponential law with a constant but
lower value of the parametgB. The difference in thed
value obtained from OKE and photocorrelation measure-
ments can be ascribed to the different experimental tech-
niques used or to the two different temperature interval in-
vestigated, which could be separated by a temperature region
characterized by a decreasing 8f Some further studying
would be necessary to choose between these two possibili-
ties.
t [ps] The values of ; are presented in Fig(d): it is peculiar to
note that nearly the same spread is present in the set of val-
ues off, obtained both from the master pldtig. 5a)] and
the fit. This evidence seems to reveal a slight dependence of
the parameter from the temperature. However the accuracy
of the values does not allow to confirm this hypothesis. In
from the verification of the TTSP and then it is a secondfact, while the values at lower temperatures seems to present
independent test of the regime of the MCT. Thanks to the 3 jinear increase we must note that the increasing over the
good signal-noise ratio it was possible to extract the valueghole temperature range is only of 6.8% that is of the same
of f¢,7,, andp for each temperature. In Table | we presentorder of the error of the value at higher temperatures. We can
the values ofr, andf as obtained from the fit and from the conclude that according to the experimental uncertafity
scaling procedure of the master plot and also the valugs of presents no temperature dependence in this region as pre-
from the fit. dicted from the theory. The mean value obtained from the fit
As we can see from Table | the parameferdoes not s f =110+12 and it is consistent with that obtained from
present any temperature dependence: in fact, though thfie master plot.
spread is wide, all the values, except that at 333.4 K, are Fipally the characteristic times, obtained from the fit
consistent with each other in the error bar. The mean value jSve a second test of the scaling law provided for by the
this set of data result§=0.91. The temperature indepen- MCT. As we can see in the Table | these values of the relax-
dence ofg is in agreement with the MCT and it is a neces- ation time are very similar to those obtained from the master
sary condition to thex-relaxation process to obey the TTSP. plot scaling procedure as expected from the theory. Only the
Also in the previous OKE study om toluidine [13] and  values at 265.3 K disagree in a more pronounced way though
light-scattering studies of toluene and propylene carbonate ey are consistent in the error bar. However, we must note
constant value of3 was found[28,22. However, in other that the measurement at this temperature is on the limits of
cases analysis of dielectric or light-scattering measurementge time window of the experiment and this fact results in a
performed in the frequency domain reveals an increage of |ess good evaluation of the time, as evident from the great
error assigned to it. Values af,(T) from the KWW function
TABLE I. Values of the parameters related to the M@Tre-  were fitted to Eq. 3 that led t@.=(227+5) K and vy
gime as from the fit with the derivative of the KW\Wast three  =2.7+0.2 corresponding ta.=0.78+0.04 [Fig. 7(b)]. All
columng and from the master plot scaling procedésecond and  these values of the parameters are completely consistent with

10 100 1000

FIG. 6. Plot of the long time region of the OKE signals with the
corresponding fit with the KWW law. From top to bottom the
curves correspond to 352.5, 312.9, 393.1, and 265.3 K.

third columns. those found by the master plot. This is an important proof of
consistency because though the master plot gives less precise
T(K) fo(au) 7, (ps) fL(au) 7,(ps) B values ofr,, itis a fitting independent and simple method of

2653 116:9 610:41 125-8 58825 0.88-0.04  ©oPtainingz,.

273.8 1127 371+34 120+5 37311 0.93:0.03 ) )

2835 1082 2187 113+3 2187 0.92+0.02 C. Fast dynamics and the MCT B regime

2931 1065 135-9 1083 136+4 0.92-0.01 In the intermediate time region we fitted the signal to the
303.4 10%7 927 1033 96+3  0.90+0.02 vS law with the next-to-leading-order correctipiqg. (14)].
3129 1047 684 1103 692 0.93-0.03 In Fig. 8 four measurements with related fitting curves are
3229 85 48+4  84+3 502 0.93:0.02 represented; we can note that the vS law reproduces a tem-
3334 1159 393 1177 382 0.87+0.02 poral region that increases with decreasing temperature.
343.0 11¥F14 33+4 117+3 32+2  0.90+0.02 From a least square fitting procedure we extracted the values
3525 1058 252 102+7 27+2 0.930.03 of the parameters. The paramekepresents a set of values
scattered around the mean valbe 0.59+0.03 that corre-
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@
140 4
f [aw.]
100 4 TC i
80
2‘;0 2;0 2;30 3:)0 3;0 3«;0 360
0.40
1) t [ps]
0.35
T FIG. 8. Plot of the intermediate region of the OKE signal for the
T, 0304 temperature 352.5, 312.9, 293.1, and 265.3 K with the correspon-
dent fit according the vS law.
0.25 4
0.20 T. These curves should reproduce the experimental data apart
1 from an amplitude and a temporal factor independent of the
"'15'_ T, temperature. With the OKE data this was only partly pos-
.10 J sible: indeed we found a single temporal factor, valid for all
] temperatures, but the amplitude factor has to be varied for
0.05 each temperature. Finally we have chosen the full
000 B-correlator curves corresponding to an unique valué of
) 240 260 280 300 320 30 360 and T, that are able to reproduce the largest number of
TIK] experimental data in the widest temporal range. From this

analysis we found that according to our judgement0.73
andT.=230 K give the best fit. However, curves relatives
peratureT. The values of . are obtained from the fitting procedure to A=0.76 andT.=230 K andA=0.69 andT.=233 K
employed with the derivative of the KWW laub) Linearized plot  also fit the experimental data but in a shorter temporal re-
of 7, (squarepvs temperaturd with the correspondent fit accord- gion. Since this analysis is not based on a least square fitting
ing to the scaling law, E(3). The dashed line represents the ex- procedure it is not easy to choose the best values for the
trapolation of the fit down tdl.. The errors are not reported be- parameters, nevertheless we estimated a 5.4% error for the
cause they are smaller than the symbols. exponential parametei & 0.73+0.04) and a 1.3% error for

the critical temperatureT(=230*+3K). As we can see in
sponds toA =0.73=0.02. This value is in good agreement

with that obtained from thex-regime analysis. Moreover,
from the amplitude parameteBy andB, we can extract the
values of the second-order correction paramétein fact
K=282/Blr'; [Eq. (14)]. In this calculation we have used
the values ofr, obtained from the fit with the KWW law and

b from the previous analysis. This procedure gives values of
K affected by a great error but at the moment this is the only
experimental method to obtain tikeparameter. We find, in g
the experimental uncertainty, no temperature dependence fc
the K parametefFig. 9] as predicted from MCT theory. The
mean value from this analysis k§=0.27+0.03 that is in
agreement with the value of the same parameter as from |
previous work on then-toluidine [13].

Finally a deeper analysis of the fast time region has beer
performed using the MCT fulB correlator. We used a cal-
culus program to produce numerical curves equivalent to the
time derivative of thes3 correlator. For each couple afand
T, parameters the program produces a family of numerical FIG. 9. Values of the amplitude parametérof the next-to-
curves each of them defined by the experimental temperatuteading-order correction of the vS lgwee Eq(7)].

FIG. 7. (a) Plot of the nonergodicity factof, (squaresvs tem-

0.44

0.40 <

0.36

T T
300 320

T [K]

360
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180

160 + [ ]

140
120
| —~ b
= 3 100
< 3 .
e o~ 0 80
= x 7
N’ -
2

60
40

20 4

T T T T T T T T T T T T T
230 240 250 260 270 280 290 300 310 320 330 340

T [K]

(b) FIG. 11. Values of the amplitude parametervs temperaturd

as obtained from the fit with the fulB correlator(see text The
values are represented in a linearized plot. Only the value§ for
T=352.5K <322.9 K are shown. Two fits are present@traight line$: the

first one is over the whole temperature rande= 233 K) while

the second one is performed on data f0k303.4 K (T,
=230 K). The dashed and the dotted lines represent the extrapola-
tion of the curve fit down tdr,. .

R(t) [a.u.]

T=3129K
107 amplitudesy,, of the 8 correlator for each measurement with

] temperatureT<322.9 K, we can still represent them in a
D linearized plot,x2¥@*1) vs T [Fig. 11], by using the value
a=0.31 corresponding ta=0.73. The best value af; that

™ g T T 1 allows to reproduce by a linear fit I, =233 K[continuous
line in Fig. 11], which is greater than those found in the
t[ps] previous analysis. Indeed, as we showed, the fultor-
relator is not able to reproduce properly the experimental

FIG. 10. Bilogarithmic plot of the short time region of OKE . .
signals with the fit according to the derivative of the full Curvzea?(ggrlT)>303.4 _K and so we tried to fit on_Iy the _Va'F‘eS
B-correlator function(continuous ling for temperature from 265.3 of x5 up to this temperature. The new linear fit gives

to 303.4 K[panel(a)] and for temperature from 312.9 to 352.5 K 1c=230 K{[dashed line in Fig. 11 which is in reasonable
[panel(b)]. In panel(a) we can note a good superposition betweenagreement with that found from the analysis of theegion.
experimental and theoretical curves, while for the curves in panelhe agreement of the various valuesoffound from the

(b) the agreement is less reasonable. analysis of the different temporal regions proves the reliabil-
ity of the connection between the parameters characterizing
the long time regiony and the vS regiof and their depen-
dence from the unique parameter

Fig. 10@ the fit with the full 8 correlator is fairly good in
the temperature range from 265.3 K to 303.4 K while the
accordance is less reasonable on the upper temperatures par- , )

ticularly for T>322.9 K[Fig. 10b)]. On the other hand the ~ D- Comparison between results obtained by OKE and by

MCT predicts the full8 correlator as a law effective in a dielectric spectroscopy

temperature region nedr, while these last three curves cor- ~ Comparison between experimental results obtained by
respond to measurements at temperature more than 100 dffferent spectroscopic techniques can improve the under-
higher than the critical temperatufg(T.—T)/T.>0.45]. standing of glass-former dynamics. Several studies already
So it does not surprise if the predictions of the theory are noéxist on this subject but, unlike its importance, the general
verified for the high-temperature range. Furthermore, wescenario is still unclear. The difficulty of this kind of analysis
note that the full3 correlator superimpose to the vS law only originates both from considering data that often coverdiffer-
in the measurements corresponding to lower temperaturesnt spectral ranges and from the fact that the dynamics of the
(T<293.1 K). The values found fox and T, are in very  system is investigated by different probes. The present study,
good agreement with those obtained from the analysis of th&o the best of our knowledge, is the first attempt of perform-
long time (a region and intermediate tim¢vS region re-  ing such a comparison between OKE and dielectric measure-
gions. As we already explained the scaling procedure of thenents. There are two main difficulties in the present com-
full B correlator needed one temporal rescaling factor onlyparison: the data are collected in different domains
but different amplitude factors. However, calculating the new(frequency and time both techniques measure collective re-
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orientation times but these are related to different correlation ] @
functions characterized by different orders of the Legendre 1o
polynomials. Nevertheless a comparison between the charac 1 e
teristic time scales, obtained by these two techniques, coulc 10”4 o
indicate the consistency of the relaxation processes. ] o A
Dielectric measurements on PGE were carried out using 1
the frequency domain reflectometry technique. The measure J
ments were carried out on the frequency interval betweer ] %, a
100 kHz and 30 GHz at temperatures between 353.1 K anc 3 5
245.6 K. We employed two different experimental appara- ] ° A
tuses: the network analyzer HP8753ES witi=3.5 pF : oy 4 a
was employed in the frequency rangesk 50* Hz-1.8 1 ° o
X 10° Hz and the network analyzer HP8722D with, 107
=0.15 pF in the range 810" Hz—4x10'"° Hz. More de- ] (b)
tails about experimental apparatuses are elsewhere reporte 1 o
[32]. In the investigated temperature range, the spectra of the L, 1 €,
dielectric constant clearly show the presence of the struc- ] °
tural relaxatione which shifts towards lower frequencies as ] °e
temperature decreases, according to the behavior of the oré T o
tical measurements. Indeed, our dielectric spectral rangee® ] 90
even covering more than 6 decades, does not allow to reac 194 OQoo
the high frequency region that corresponds to gheegion ] ¢ o
predicted by the MCT. The experimental curves were fitted ] s
to the phenomenological Cole Davidson funct[@3] () 1 20 g
—e,=Ae/[1+ (w7 Ped], wheree., is the high frequency ] 2 2
limit of e(w),B.qis a shape parameteke is the relaxation T —_—
strength, and°? is the characteristic time of the relaxation. 240 260 280 300 320 340 360
The complete analysis of the dielectric parameters is beyonc T[K]
the aim of the present paper and will be presented in a forth-
coming paper. FIG. 12. (a) Plot of OKE (up triangle and dielectric(open
In order to connect the dielectric and OKE results wecircle) 7, vs temperaturd. We note that the former are larger than
transformed the dielectric relaxation tim&®, measured in the latter.(b) Plot of rescaled values of the, (up triangle and
the frequency domain, into the corresponding decay time \{alues of the dlele_ctrlc timéopen <_:|rcle}. We can note that the two
of the KWW function using an appropriate humerical rela-me scales superimpose by scaling for a constant fd0t58.
tion [34]. By comparing the transformed dielectric relaxation
times with OKE ones, we found the former to be appreciablyAccording to this theoretical model the ratio of the two time
shorter than the lattdFig. 12a)]. Nevertheless the tempera- scales should bey;e/ 7,k.= 1. S0 again our experiment does
ture dependence of the two parameters is almost the samggt support the model. However these disagreements do not
which would confirm that the two techniques detect the samegurprise, since the approximations used in these theoretical
structural process. In fact, we get a good superposition of thehodels are indeed too strong.
two time scales rescaling the OKE relaxation times by a Furthermore, our findings about the comparison between
temperature independent fact&=0.58. This superposition dielectric and optical characteristic time scales qualitatively
applies in the whole temperature range where data from bothgree with previous light-scattering and dielectric experi-
the techniques are availaljleig. 12b)]. ments on polystyrene and diglycidyl ether of bisphefol-
The Debye rotational diffusion model makes precise pre{DGEBA) [11,37. Comezet al. [11] proposed to single out
dictions about the dynamical properties of a symmetric-toghe cause of such behavior in the different microscopic probe
molecule diffusing through a Brownian rotational motion that allows the determination of the dielectric and of the
[35]. In particular it predicts that the rotational correlation optical measurements, namely, for DGEBAnd also for
function relaxes exponentially with a relaxation time definedPGE), the epoxy ring and the aromatic ring, respectively. In
by the order of the Legendre polynomial. According to particular, they suggested that the different sizes of such mo-
strong approximations, the dielectric response can be conecular subunits cancorrespond to a difference of the effec-
nected with the first-order Legendre polynomial and thetive hydrodynamic volumé&/,,, which enters in the Debye-
OKE to the second-order Legendre polynomial. FollowingStokes-EinsteirfDSE) equation,
the Debye model we should finge/ 7oke=3, but this pre-
diction is not supported by our experiments since we find 7=V /KT,
Tgiel! Toke= 0.58. A different model for the rotational dynam-
ics of a symmetric-top molecule has been made by Ivanowhere % is the shear viscosity of the system. Consequently,
[36], describing the process as a continuous jump processne obtains different relaxation times for the response func-

T, [ps]
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tion of the two observable§ll]. In particular, for light- 10—

scattering and dielectric relaxation time of DGEBA they \ derivative full B correlator
found an almost constant fact@=0.13 between the two 107 3

time scales in a restricted temperature range extending abov

T,=1.2T4. The authors speculated that approachigghe 10"15

hydrodynamic volume characteristic of the dipolar orienta-
tion remains constant, which was supported by the validity’s 10”7
of the DSE equation for DGEBA, in a temperature interval & ]
of more than 100 K. On the contrary, the optical effective £ 1073
volume could decrease with decreasing temperature, detel ]
mining the approach of the dielectric and optical character-
istic time scales observed for DGEBA for temperatdre

<1.ZT,. This fact cannot be verified on PGE, due to the less 3
broad temperature interval where the OKE time scale have 0]

been measured. 001 61 1 10 10 1000
t [ps]
V. SUMMARY AND FINAL REMARKS FIG. 13. Bilogarithmic plot of the OKE signal at 273.8 K vs

time t and of the corresponding fit according to MCT laws: the
In this paper we have presented measurements of the bierivative of the fullB correlator(dashed ling the derivative of vS
refringence relaxation carried out by OKE experiment and daw (dotted ling, and the derivative of the KWW lawdashed-
test of the idealized MCT. We have also compared the chardotted ling.
acteristic times of thex-relaxation process present in OKE
measurements with those of the structural process of dielec-

tric spectra. The use of picosecond pulses and of the hetergnt checks of the MCT: the TTSP and the KWW law in the
dyne detection system in the OKE experiment allowed meay,ng times relaxation region, the fult correlator in the fast

suring the relaxation processes over a large temporal windoyj,es region. So we extracted in three independent ways the

till 4 ns with a good signal-noise ratio. So it has been POSharacteristic parameters of the MCT theol:and T,.

the liquid and supercooled redion YTheir values are reported in Table II: they are in very good
Asqwe have sréen N Sec %V éKE signal presents thre(?z\illgreement. This is indeed a severe check of consistence for

: i : CT that has been completely passed in the present work.

temporal region. We showed that the functional forms pre- Here a comparison o? struZtEral relaxationpmeasured by

dicted by the idealized MCTfull B correlator, vS next-to- OKE and dielectri ¢ . ted. | ide t
leading-order corrected and KWW layeeproduce the sig- and dielectric spectroscopy 1S presented. In a wide tem-
perature region, abovE., we found the structural relaxation

nal in the whole time region, from about 1 ps, almost for allF ) ’ 4

the temperatures investigated. Only the microscopic dynamt-'mes T, Of optical processes larger than the dielectric ones.
ics due to electronic response of the system and to the exci¥eévertheless the temperature dependence of these two set of
tation of internal degrees of freedom cannot be reproduceﬂ?'axatlon times is substantially identical, m_fact it is pos-
since the idealized MCT does not include such degrees ctible to superimpose them by a temperature-independent fac-
freedom. As an example of the ability of the theory to repro-tor- These results suggest the presence of a unique slowing-
duce experimental data, in Fig. 13 we show the OKE signaflown effects that shows up on different time scales,
at 273.8 K and the corresponding fitting curves. From thedepending on the observable probed. So concerning the slow
data analysis we obtained, for each temperature, the valuéynamics, the present work is confirming a universal aspect
of the parameters characterizing the relaxation processes. fif the structural relaxation properties. Undoubtedly, the com-
particular, from the TTSP and from the KWW fits we ob- pariso_n betvyeen result_s obtair_led by _diﬁ‘erent experimental
tained agreeing values of, andf., whose temperature de- techniques is a very_lnterestlng topic that only _recently
pendence is well predicted by the MCT. Moreover theStarted to_ be systematically studied. However, thls is a very
stretching parametgs does not depend on temperature as itcomplex issue thqt needs many further theoretical and. ex-
is provided by the theory and as it is required for the Va”dityperlmental works in order to give a complete understanding.
of the TTSP. The vS fit gives us values bfand of the

amplitude paramete{ independent from temperature as itis ~ TABLE Il. Values of the characteristic parameters of the theory
stated from MCT. It is noteworthy that until now this is the as from the master plot scaling procedure, the fit with the derivative
second experimental measurementkoparameter and the of the KWW, and the fit with the derivative of the ful correlator.

two available K values, corresponding to different glass
formers, are substantially identical. These preliminary results TTSP Kww Full 8 correlator
suggest a very slight dependencetkoffrom the molecular
properties of the glass former. Finally we also noted that
B-correlator solution applies in a shorter temperature range ) 0.76+0.04 0.78-0.04 0.73-0.04
than the TTSP. We performed the data analysis using differ:

T. (K) 229+3 227+5 230+3

011502-11



D. PREVOSTCet al. PHYSICAL REVIEW E 66, 011502 (2002

ACKNOWLEDGMENTS This work was supported by the Commission of the Euro-

We thank W. Gtze, Th. Voigtmann, and F. Sciortino for Pean Communities through Contract No HPRI-CT1999-
very helpful suggestions and discussions, and for providing0111, by MURST cofin 2000, and by INFM through Project
the computer program used to generate thegutorrelator.  No. TREB-Sez.C-PAISS1999.

[1] U. Bengtzelius, W. Gize, and A. Sjtander, Solid State Phys. [16] T. Franosch, M. Fuchs, W. Gxe, M.R. Mayr, and A.P. Singh,
17, 5915 (1984; E. Leutheusser, Phys. Rev. 29, 2765 Phys. Rev. E55, 7153(1997).
(1984; W. Gatze, inLiquids, Freezing and Glass Transition [17] M. Ricci, P. Bartolini, and R. Torre, Philos. Mag. &, 541
edited by J.P. Hansen, D. Levesque, and J. Zinn-Jastnth- (2002. o
Holland, Amsterdam, 1991p. 287. [18] C. Alba-Simionesco and M. Krauzman, J. Chem. PH@2
[2] R.V. Chamberlin, Phys. Rev. LeB2, 2520(1999. 6574(1993.

. : L [19] L. Sjogren, Phys. Rev. 83, 1254(1986.
[8JK.L. Ngai and R.W. R_e”‘?Q”’ I|rSupercooIed Liquids. A_‘d' [20] T. Franosch, W. Gze, M.R. Mayr, and A.P. Singh, Phys. Rev.
vances and Novel Applicatipedited by J.T. Fourkas, D. Kiv-

E 55, 3183(1997).
elson, U. Mohanty, and K.A. NeIso(rAmerican Chemical So- [21] W. Gotze and Th. Voigtmann, PhyS Rev.(, 4133(2000
ciety, Washington, DC, 1996p. 45. [22] A. Aouadi, C. Dreyfus, M. Massot, R.M. Pick, T. Berger, W.
[4] G. Li, W.M. Du, A. Sakai, and H.Z. Cummins, Phys. Rev. A Steffen, A. Patkowski, and C. Alba-Simionesco, J. Chem.
46, 3343 (1992; W. Steffen, A. Patkowski, H. Glaser, G. Phys.112 9860(2000.
Meier, and E.W. Fischer, Phys. Rev.4®, 2992 (1994; T.  [23] D. Mc Morrow, W.T. Lotshaw, and G.A. Kenney-Wallace,
Franosch, W. Gze, M. Mayr, and A.P. Singhibid. 55, 3183 I[EEE J. Quantum ElectroQE-24, 443(1988; W.T. Lotshaw,
(1997): J. Wuttke, J. Hernandez, G. Li, G. Coddens, H.Z. D. Mc Morrow, N. Thantu, J.S. Melonger, and R. Kitchenham,
Cummins, F. Fujara, W. Petry, and H. Sillescu, Phys. Rev. Lett[24] ‘é\';{vamgﬂ‘wi‘:;dg’;zﬁ* SZ;rEtll?nzg,lélectroﬁ 11973
;iofgizp(ﬁ)??é;' Egoggf;’);z'og;;re“o’ L. Comez, G- 5 v Yan and KA. Nelson, J. Chem. Phya7, 6240(1987; 87,

] ; ) 6257 (1987).
[5] U. Schneider, P. Lunkenheimer, R. Brand, and A. Loidl, Phys.;5q) p_gartolini, M. Ricci, R. Torre, and R. Righini, J. Chem. Phys.
Rev. E59, 6924 (1999; P. Lunkenheimer, U. Schneider, R. 110, 8653(1999.

Brand, and A. Loidl, Contemp. Phy41, 15 (2000. [27] S. Costantine, Y. Zhou, J. Morais, and L.D. Ziegler, J. Chem.

[6] Y. Yang and K.A. Nelson, Phys. Rev. Leit4, 4883(1995.

[7] R. Torre, P. Bartolini, and R.M. Pick, Phys. Rev.5¢, 1912
(1998.

[8] G. Hinze, R.S. Francis, and M.D. Fayer, J. Chem. Ph¢8§,
2710(1999.

Phys.101, 5456(1997.

[28] W.M. Du, G. Li, H.Z. Cummins, M. Fuchs, J. Toulouse, and

L.A. Knauss, Phys. Rev. B9, 2192(1994).

[29] J. Wiedersich, N.V. Surovtsev, and E. Rossler, J. Chem. Phys.

113 1143(2000.

[9] A. Taschin, R. Torre, M. Ricci, M. Sampoli, C. Dreyfus, and [30] H.Z. Cummins, Gen Li, Weimen Du, Y.H. Hwang, and G.Q.

R.M. Pick, Europhys. Lett53 407 (200); R. Torre, A.
Taschin, and M. Sampoli, Phys. Rev.6&, 061504(200J).

[10] J. Wuttke, M. Ohl, M. Goldammer, S. Roth, U. Schneider,

P. Lunkenheimer, R. Kahn, B. RuffleR. Lechner, and
M.A. Berg, Phys. Rev. B1, 2730(2000; M. Goldammer, C.

Losert, J. Wuttke, W. Petry, F. Terki, H. Schober, and P.

Lunkenheimerjbid. 64, 021303(2001).

[11] L. Comezet al,, Phys. Rev. B60, 3086(1999.

[12] R. Schilling and T. Scheidsteger, Phys. Rev.56 2932
(199%; T. Franosch, M. Fuchs, W. Gze, M.R. Mayr, and A.P.
Singh, ibid. 56, 5659 (1997); S. Kanmerer, W. Kob, and R.
Schilling, ibid. 58, 2141(1998.

[13] R. Torre, M. Ricci, P. Bartolini, C. Dreyfus, and R.M. Pick,

Philos. Mag. B79, 1897 (1999; R. Torre, P. Bartolini, M.
Ricci, and R.M. Pick, Europhys. Letb2, 324 (2000.

Shen, Prog. Theor. Phys. Supp26, 21 (1997.

[31] S. Bovelli, D. Fioretto, and A. Jurlewicz, J. Phys.: Condens.

Matter 13, 373 (2000.

[32] S. Corezzi, S. Capaccioli, G. Gallone, M. Lucchesi, and P.A.

Rolla, J. Phys.: Condens. Mattel, 10 297 (1999; D.
Fioretto, A. Livi, P.A. Rolla, G. Socino, and L. Verdinbhid. 6,
5295(1994; Y.Z. Wei and S. Sridhar, Rev. Sci. Instrumd0,
3041(1989; K. Kremer and M. Arndt, irDielectric Spectros-
copy of Polymeric Materialsedited by J.P. Runt and J.J.
Fitzgerald (American Chemical Society, Washington, DC,
1997, p. 67.

[33] C.J.F. Bdtcher and P. BordewijkTheory of Electric Polarisa-

tion (Elsevier, Amsterdam, 1978Vol. 2.

[34] C.P. Lindsey and G.D. Patterson, J. Chem. PMm&.3348

(1980.

[14] G. Hinze, David D. Brace, S.D. Gottke, and M.D. Fayer, J.[35] D. Favro, Phys. Rev. E19, 53 (1960; C.H. Wang,Spectros-

Chem. Phys113 3723(2000; S.D. Gottke, David D. Brace,

G. Hinze, and M.D. Fayer, J. Phys. Chem185 238(2001.
[15] W. Gdize and L. Sjgren, Rep. Prog. Phy§5, 241 (1992;W.

Gotze, inLiquids, Freezing and Glass TransitigRef. [1]), p.

copy of Condensed Media, Dynamics of Molecular Interaction
(Academic Press, London, 1985S. DattaguptaRelaxation
Phenomena in Condensed Matter Physiésademic Press,
London, 1987.

287; W. Kob, inSupercooled liquids. Advances and Novel Ap-[36] E.N. Ivanov, Sov. Phys. JETES, 1041(1964).
plication (Ref.[2]), p. 28; W. Gidze, J. Phys.: Condens. Matter [37] R. Pecora,Dynamics Light ScatteringPlenum, New York,

11, A1 (1999; H.Z. Cummins,ibid. 11, A95 (1999.

011502-12

1985.



