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Brillouin-scattering study of propylene carbonate: An evaluation of phenomenological
and mode coupling analyses
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Brillouin-scattering spectra of the molecular glass-forming material propylene carb@@tén the tem-
perature range 140 K to 350 K were analyzed using both the phenomenological Cole-Davidson memory
function and a hybrid memory function consisting of the Cole-Davidson function plus a power-law term
representing the critical decay part of the f8stelaxation. The spectra were also analyzed using the extended
two-correlator schematic mode-coupling thedCT) model recently employed by @& and Voigtmann to
analyze depolarized light backscattering, dielectric, and neutron-scattering spectralBhyxC Rev. E61,

4133 (2000]. We assess the ability of the phenomenological and MCT fits, each with three free fitting
parameters, to simultaneously describe the spectra and give reasonable valuesrfoelth@tion timer,, .
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[. INTRODUCTION 7,(T) treated as an adjustable fitting parameter. However, at
low temperatures, the(T) values determined from such
a-relaxation-only fits are usually found to increase much

When a liquid is cooled through its melting temperaturemgre slowly with decreasing than the values determined
Ty towards its glass-transition temperatdig, the charac-  jth other techniques such as dielectric spectroscopy or ul-
teristic time 7, for the relaxation of fluctuations increases {rasonics.
dramatically, from~10""* s atTg+100 K to ~10* s at In view of this disagreemendespitethe excellent fits, a
Tg. During the past decade, it has been recognized thafyestion naturally arises as to whether or not Brillouin-
structural relaxation dynamics take place on different timescattering spectroscopy can reveal useful information about
scales, with thex-relaxation process, characterized by thestryctural relaxation dynamics. In the present paper, we at-
relaxation timer, , being the final stage of the approach to tempt to answer this important question. The goal is not to
equilibrium. obtain better fits by adding additional parameters to the

Brillouin-scattering spectroscopy is one of many experi-memory function; we carry out all fits with just three free
mental techniques that has been employed to study thgiting parameters, making use of other data to fix the remain-
temperature-dependent dynamics of structural relaxation in Mg parameters where possible.
wide Variety of glaSS-fOI’ming materials. The evolution of the We first address the problem of the inconsistency in de_
Brillouin spectrum with temperature reflects the interactiontermimng 7,(T). Several authors have proposed procedures
of longitudinal sound wavesyt~10° cm™*) with structural  for extending the memory function to include the “fast-
relaxation. Typically, ad decreases from above the melting re|axation” processes that contributertg o] at frequencies
temperatureT,, to below the glass-transition temperature gpgyve the region of the relaxation[2—10]. With the addi-
Tg, the Brillouin linewidthAwg, which is proportional to  tional fast-relaxation included, excellent fits can be obtained
the damping rate for the sound wave, first increases, pass@th the a-relaxation timer,, constrained to increase much
through a maximum, and then decreases again, while theore rapidly with decreasing temperature than it does with
Brillouin peak positionwg shifts monotonically to higher «-relaxation-only models, consistent with other experimental
frequencies. This increase occurs predominantly in the temmeasurements. However, this approach does not reliably pro-
perature range wherdwg is largest, corresponding to vide values forr,, nor does it explain the origin of the
wgT,~1. structural relaxation dynamics that it describes. Furthermore,

The analysis of these spectra has usually been carried outirious authors have chosen quite different empirical fitting
using generalized hydrodynamics methods. Following a profunctions and have usually obtained good fits to Brillouin
cedure introduced by Mountairl], a frequency-dependent spectra, suggesting that this procedure is not able to distin-
component is added to the longitudinal viscosity by introduc-guish effectively between different models.
ing a viscosity memory functiom(t). Generally, acceptable Another approach to the analysis of Brillouin-scattering
fits can be obtained using an exponential or stretchedspectra utilizes the mode-coupling thediMCT) in which
exponential empirical memory functiom(t) (or a Cole- the slowing down of structural relaxation with decreasing
Davidson memory functiom[ w]), with the relaxation time arises naturally from nonlinear interactions among density

fluctuations. A major advantage of the MCT approach is that
both thea and B (fasb regions of the relaxation dynamics
*Present address: Physics Department, Emory University, Atlantagccur spontaneously in the solutions of the MCT equations
GA 30322. for the particle density autocorrelation functigny(t).
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TABLE |. Properties of propylene carbonate.

Property Value
Formula GHeO3
Molecular weight 102.09
Tooil 513 K
Tw 218 K
T 160 K
Tc (MCT crossover temperature 185+5 K?
N (MCT exponent parameter 0.75+0.F
Density p(T) 1.541-(1.148<10 3T (glcn?)®
Refractive indexnp(T) 1.5314- (3.752< 10" 4 TP
Sound velocityCy(T) 2.5075< 10°—361.2I cm/set
Bk (Kohlrausch stretching coefficignt 0.77+0.05
(depolarized light scattering
Bcop (Cole-Davidson stretching coefficignt 0.68
(depolarized light scattering
m (fragility index) 104
*Referencd15]. dReferencd 18].
bReferencg35]. *Referencd 36].
‘Referenced8]. fReferencd 37].

A convenient schematic MCT model, initially introduced conventional a-relaxation-only Cole-DavidsoiCD) func-
by Sjogren[11], uses two correlatorsp(t) for the “system”  tion, and then in Sec. IV, with the hybrid model, which adds
and ¢(t) for the “probe,” i.e., the variable being measured a termBw? to the Cole-Davidson function to approximate
in a particular experiment. This model was successfully usethe fastgB-relaxation procesgA preliminary version of the
to analyze depolarized light-scattering spectra of glycerolCD and hybrid fits was presented by Frdri6].)
[12] and orthoterphenyl(OTP) [13]. Ruffle etal. [14] In Sec. V we present our analysis of the spectra with the
showed that Brillouin-scattering spectra of NaLi(§©  two-correlator extended schematic MCT approach. Discus-
could also be analyzed with the §j@n model, using param- sion and conclusions are presented in Sec. VI, including a
eters for the system correlat@i(t) determined from inelas- brief evaluation of the ability of these and related approaches
tic neutron-scattering spectra. to extract meaningful information about structural relaxation
Recently, Gtze and Voigtmann have extended the dynamics from the analysis of Brillouin-scattering spectra.
Sjogren model by including hopping parameters in the equa-
tions of motion for both¢(t) and ¢4(t), which allows the
analysis to be extended to low temperatures where relaxation Il. EXPERIMENT
i; dominated by acti_vated hppping processes. They analyzed A. Material
dielectric, depolarized light-scattering, and neutron- )
scattering data for the molecular glass-forming material pro- Propylene carbonatelg=160 K) is a molecular glass-
pylene carbonatéPC), using a single set of system param- fo_rmlng material that. has been extensw_ely stgd|ed .Wlth. a
eters for ¢(t), optimized simultaneously for all the wide range of experimental t_echmqugs mcludmg Br|IIOU|n
experiment§15]. This result suggests the possibility of ana- scatterind 17,8]. In Table | we list the principal properties of
lyzing PC Brillouin-scattering spectra using the system paP’C that are relevant for the present study. _
rameters forg(t) already determined by @z and Voigt- Arecent dlelegtrlc spectroscopy stydy of PC by Schneider
and damping constant are taken as fixed by the depolarized/er @ frequency range of 18 decades for temperatures from
light-scattering fits, then the analysis will include only one 153 K to 293 K. Cole-Davidson fits to the peaks in the
adjustable MCT fitting parameter, the coupling constant  €”(w) spectra produced th&,(T) values shown in Fig. 1 by
which determines the strength of coupling betwegdh) and  the open circles. Schneidet al. carried out fits to these
&<(t). The fits should thesimultaneouslyescribe the Bril- values with several empirical fitting functions. Their ex-
louin spectra and also determine the value of the structurdended free-volume fit is shown in Fig. 1 by the upper line.
relaxation timer,. Such an analysis could provide a strin-  Du et al.[8] fit the @ peaks in they"(w) spectra, obtained
gent test of the utility of MCT for the analysis of Brillouin- from their depolarized PC backscattering spectra, with a
scattering spectra. A test of this procedure was the principaohlrausch function. The resulting}"® values, shown in
motivation for the present Brillouin-scattering study of PC. Fig. 1 by squares, have a temperature dependence similar to
The paper is organized as follows. We describe the experihe dielectric(T) although they are approximately three
ments in Sec. Il. We first analyze the data in Sec. Ill using aimes smaller.
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10° =2 ics while 7%, characterizes orientational dynamics. In Fig. 1,
] the lower line is the free-volume fit of Schneidet al. di-
10° E vided by a factor of 11.75 to matcH;” in this region,
10' 3 logio( 74 = —A+BHT—To+[(T—To)2+CTI¥3 (1)
10° with A=12.56, B=309, C=4.82, andT,=162 K (r-* in
0 seconds In constructing memory functions for data analysis
10 3 beyond the Cole-Davidson model, we will use ED. to fix
2] the a-relaxation time of the longitudinal acoustic modg“.
10° 2
10'31; B. Sample preparation
g 10‘41; Propylene carbonatéanhydrous, 99.7%was purchased
= 3 from Sigma-Aldrich. PC was loaded in a glove box under
§ 10° I dry nitrogen atmosphere into a distillation flask fitted with a
3 stopcock. The flask was then transferred to a vacuum distil-
10° I lation system and distilled at 110°C into glass sample cells
, ] that were flame sealed under vacuum. A sample cell was
10 E installed in an Oxford LN2 coldfinger cryostat with an ITC-4
5 ] temperature controller for the Brillouin-scattering experi-
1073 ments.
-9 ]
10 E C. Brillouin-scattering experiments
10 _]
10 Spectra were collected in both 90° MVertical-vertical,
1o a polarized geometry and 174° VHvertical-horizontal, de-
e, 7 B polarized near-backscattering geometry with a Sandercock
10124 * 6-pass tandem Fabry-Perot interferometer at temperatures

J J J ! ! from 140 K to 350 K in 5-K or 10-K steps. The 514.5-nm
150 200 250 300 350 single-mode argon laser power at the sample was typically
TK 170 mW. The interferometer finesse wa®0; its contrast
FIG. 1. Propylene carbonat®C) relaxation timer,(T). Open ~ Was be_tter than 70 _Complete sets of spectra were collepted
circles and upper solid line: dielectric measurements and extendefith mirror separationsi=2, 5, and 10 mm corresponding
free-volume fit[18]. Squares: depolarized light-scattering spectrat© free spectral ranges of 75, 30, and 15 GHz for VV, and
[8]. Solid circles: Brillouin scatteringS°(T) from Cole-Davidson d=2 mm and 10 mm for VH. Spectra were accumulated
fits (Sec. Il). Lower line: dielectric free-volume fit multiplied by during (1-2-h runs. For thed=10 mm separation spectra
0.085 to match Brillouinr,(T) in the region of the maximum Bril- two 2-h runs were collected and averaged to improve the
louin linewidth. *: 7MCT obtained from the extended schematic signal-to-noise ratio. In Fig. 2 we plot the Stokes side of the
MCT fits (Sec. V. three VV spectra(a) and the two VH spectrdb) for T
=220 K. (The dark counts have already been subtragted.
The analysis of our Brillouin-scattering spectra using a In order to test for possible experimental artifacts, PC
Cole-Davidson memory function, described in the following Brillouin spectra at several temperatures were collected at
section, resulted in theS® values shown by the solid circles both the Technical University of Munich and at the City
in Fig. 1. As mentioned in the Introduction, at low tempera-College of New York with different samples, different tan-
ture these values do not increase as rapidly with decreasir¢m Fabry-Perot spectrometers, and different experimental
temperature as the dielectric and backscattering results, sugrocedures. The spectra obtained were in good agreement.
gesting that the Cole-Davidson function provides an incom-

plete representation of structural relaxatigit T=Tg D. Data reduction: Extraction of the density fluctuation
~160 K, 7P has only reached-30 ns, while typically spectral so(w)
7o(Tg) is ~100 s] The VV polarized Brillouin spectra contain contributions

In our 90° PC Brillouin-scattering experiment, the maxi- from density ﬂuctuation$|lso(w)] and also from orienta-
mum Brillouin linewidth occurs aﬁ'_~230 _K._At that_ tem-  tional dynamics and collision-induced scatterifgy(w)]-
perature the peak of the relaxation coincides with the Depolarized(VH) backscattering spectra are due {@,( o)
Brillouin line, so wg7y*~1, which gives 75" (230 K)  only and can, therefore, be used to removelthg(w) con-
~3.2x10" ™ s, a value~12 times smaller than thef, of tribution from the VV spectra.

Schneideret al. The difference presumably arises from the Fioretto et al. [19,6] have carried out the subtraction by
fact thatr';lA characterizes longitudinal displacement dynam-combining spectra obtained with different mirror separations
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10° 3
E d=10mm  ~d=5mm d=2mm
] (a)
10° 3
1 vv90° spectra
10° ——r —— Ty ——
0.1 1 10 100
frequency (GHz)
10° g FIG. 2. (a) Stokes sides of 220-K PC 90° VV
=2 mm Brillouin spectra withd=2, 5, and 10 mm(b)
N (b) 174° VH spectra wittd=2 mm and 10 mm(c)
Jo 3 The composite 90° VV spectrum obtained by
’g 3 shifting the 2-mm and 5-mm spectra @) to
® ] optimize overlap with the 10-mm spectrum, the
10 composite VH spectrum obtained similarly and
1 VH 174%spectra then shifted to optimize overlap with the VV
10? - I - spectrum for frequencies above 30 GHz, and the
o1 : 10 100 difference spectruryso(w) obtained by subtrac-
tion. The background from dark counts has al-
10° ready been subtracted in the spectra(®f and
3 b).
; () ®
10° 5 U
E Iiso ()
10° 3
107 3
10’ ——rrr ——rrrr —rrr
0.1 1 10 100

to obtain broadband VV and VH spectra, and scaling the VHThis  additional geometrical broadening (typically
spectra to overlap the VV spectra for frequencies aboves0.13 GHz) was then calculated for every temperature
~40 GHz wherd so(w) should be negligible. Subtracting from the known collection geometry and convoluted into the
the scaled y,(w) from thely(w) then provided so(w).  instrument function. In the fitting procedures described in
We have also followed this procedure. this paper, the instrument function so obtained was convo-
The Stokes sides of thig=2 and 10 mm 220-K'VV spec- |uted with the theoretical spectrum for comparison with the
tra, shown in Fig. &), were rescaled vertically to optimize | ¢ (w) spectrum. The fits were carried out with a conven-
overlap with thed=5 mm spectrum, producing the compos- tional nonlinear least-squares fitting progréamLso).
ite 90° I\(w) spectrum shown in Fig.(2). The 6=174° g optain a preliminary estimate of the Brillouin shift and
lvu(w) spectra were similarly combined, and the compositgjnewidth, we first fit each Brillouin peak in thé=10 mm

lvi spectrum was again scaled vertically to match th¢ /v spectra to the damped harmonic oscillator function
spectrum in th€30—50-GHz region. Finally, the scaleld,

spectrum was subtracted from thg, spectrum to produce
the difference spectrumsgq(w) as shown in Fig. @).

The full set ofl,5o(w) spectra for temperatures from 140
K to 350 K obtained with this procedure is shown in Fig. 3.
For each set of VV spectra, we also recorded an instrument
profile spectrum withd=10 mm. The full width at half 2
maxmimum of the instrumental profile was typically 0.17
GHz. To reduce additional Brillouin peak broadening due to
the finite input aperturéwhich leads to collecting light scat- including convolution with the instrument function. In
tered at slightly different anglgsthe input aperture was re- Fig. 4 the resulting values a@bg(a) andyg(b) are shown by
duced sufficiently to decrease the additional broadening dhe points. For a simple liquid, botlg and yg would
the Brillouin frequency to less than the instrumental width.have simple monotonic temperature dependence. Theob-

loys
[0®~ w§]*+[wyp]?

I
l(w)= Eolm[wz—sz—iw'yB]_l=
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FIG. 3. Complete set of compositesc(w)
spectra for 28 temperatures from 140 K to 350 K
obtained with the procedure shown in Fig. 2.
=140, 150, 160, 165, 170, 180, 185, 195, 200,
205, 210, 215, 220, 225, 230, 235, 240, 250, 260,
270, 280, 290, 300, 310, 320, 330, 340, and 350
K, from right to left.

Frequency (GHz)

served temperature dependence «gf and yg, as noted
in the Introduction, is the signature of structural relaxation
dynamics as seen in Brillouin scattering. The maximum
in yg at T~230 K indicates that ther peak moves through

the Brillouin line at that temperature.

Ill. DATAANALYSIS 1: THE COLE-DAVIDSON MODEL
A. The memory function approach

The isotropic Brillouin spectrurso( @) is usually attrib-
uted to density fluctuations,(t) where the scattering vector
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FIG. 4. Fits of thed=10 mm 90° VV Biril-
louin peaks to Eq(2) including convolution with
the instrument function.(@ wg/l27 (GH2)
(circles. Short solid line:wgy from ultrasonic and
refractive index data; long solid linew, in-
creased by 3.5% to matclg in the high-
temperature region. Solid curved line: quadratic
fit  wo(T)=13.211 (3.291x 10 %) T+ (2.6973
X 1079 T2, (b) yg/27 (GH2) (circles. Solid line:
o= T/1000.
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q=(2mn/\)sin(d/2). The spectrum consists of a triplet: the exponential Kohlrausch-Williams-Watt$KWW) function
central thermal diffusion mod@vhich is generally located at e 0% Ap approximation to the Fourier transform of this
frequencies too low to observe in these experiments and wilin(t) is provided by the Cole-Davidsai€D) function

be ignored in most of the fitand the Brillouin doublet. The

spectrum is conventionally described by m(w)=(A%w)[(1-iwr) #-1], (4)
B lo[ Yo+ m"(w)] which has frequently been used, together with E3), to
H(w)= C) analyze Brillouin-scattering spectra. In practice, the fitting

2 2 ’ 2 " 2°
w°—wgtom (w) |“+|wys+ oM’ (w
[ 0 (@) +[wy ()] procedure adjusts the coupling constart so that the real

part ofm(w) produces the correeig for the Brillouin peak,
[The particular Laplace transform convention used to derivéNhIIe 7 is adjusted to give the correct Brillouin I|neW|_dth.
Eq. (3) is discussed in the Appendix. _ There are seve_ral problems that should _be noted in carry-
: ; , S, _ ing out this analysis, as well as analyses with more elaborate
Equation(3) is very generalm(w)=m’'(w) +im”"(w) is memory functions.
the Laplace transform of the memory functioi(t), which (1) Many glass-forming materials are molecular liquids,
can be constructed to include structural relaxation, thermalq jnternal vibrational modes may also contributenia),
dlffusmn,_and translation-orientation coupling for liquids of 44 originally proposed by Mountaifi]. Recently, Monaco
anisotropic moleculef20—22. Usually, howeverm(t) rep- et al.[5] have carried out a Brillouin-scattering study of OTP
resents the relaxing longitudinal viscosity, first introduced byfrom which they conclude, for OTP, that the fast part of the
Mountain [1] to describe the damping of sound waves byrelaxation process igntirely due to intramolecular vibra-
interaction with the internal degrees of freedom of the mol-tional modes. The assignment results from the presence of
ecules, and later utilized to represent the interaction of sounddditional low-frequency structuréMountain modegin VV,
waves with structural relaxationBoth mechanisms may but not VH, spectra, in both the glass and the crystal. This
contribute, however, as discussed bejown the long- conclusion has recently found additional support from a mo-
wavelength limit,wo=Cyq where C, is the limiting low- lecular dynamics study of OTR23]. There is no evidence,
frequency adiabatic sound velocity, ang is the “regular”  however, that it applies to other materials such as PC, and it
sound attenuation coefficient. Note that E8). is the power ~ Will not be considered here. . . .
spectrum of a damped harmonic oscillator with a frequency- (2) The identification ofl;so(w) with density fluctuation
dependent damping functiop( ) = yo+ m’(w). rests on the assumption that scattering due to orientational
Ideally, thel,so(w) spectra should be analyzed to yield quctugtlong, Whlqh is typical for molec_ular glass-forming
m(w) directly. But in practice this is not possible because thematerlals, IS gllmm_ated by the s_ubtractlt_)n Ighi(w) from
spectra only cover a range of two decades at most, whiIéVV(“’) described in _the preceding section. However, two
m(w) extends over many decades. Also, the spectra ar onsequences of anisotropy may remain after subtraction.

. S . irst, since longitudinal current involves both compression
ngg::gdsggéz 5£r(|)llfogl£3;: ?fmrﬁ?:)(;r:ﬂ\g]h '(;T](\;V?#édn?g;;f and shear, rotation-translation coupling modifies the longitu-

. . : . dinal current correlatofwhich determines the spectrum of
cation of I (w) produced by inclusion ofm(w) is not very pq(t)] as shown in Eq(A.14) of Ref.[24]. Second, as noted

sensitiye to the detailed form ofn(w). Therefore, data_ recently by Latz and Letz and by Franosehal. [25], be-
analysis almost always proceeds by selecting a parametrized,;se of this coupling the orientational dynamics also reflect

model form(w) and varying the parameters at each temperag,q longitudinal acoustic mode, and this part of the orienta-

ture to optimize the fits. tional dynamics is not removed by subtraction. Therefore,

The primary requirements am(w) are thatm’(wg), the o density fluctuations and orientational dynamics may
real part ofm(w) at the frequency of the Brillouin peak, ~,ntribute to thel |so(®) spectra.

must E)e adjustet_:i to s_hlft the Brillouin peak fram to wg, While the extent of these corrections due to molecular
andm’(wg), the imaginary part oin(w) at the frequency of - anisotropy is not yet clear, preliminary simulations, carried
the Brillouin peak, must be adjusted so thag+ m"(ws) oyt in collaboration with Pick, indicate that they are rela-
will give the correct Brillouin linewidth. If these two condi- tively minor. We will, therefore, use the conventional
tions are simultangously _satisfied, then the. particular. fom?nemory function formalism in this paper, recognizing that
chosen form(w) will only influence the details of the line {he yalues of the parameters used to describe the frequency-
shape. Therefore the essential requirement is th&jependent longitudinal viscosity may reflect some aspects of
m’(wg)/M’(wp) Must have the “correct” value. Neverthe- rangjation-rotation coupling and molecular anisotropy and

o o . . b _ and . .
less, this is not a trivial requirement since(w) andm”(®)  may also include some contribution from intramolecular vi-
are connected by Kramers-Kronig relations. brational dynamics.

The prototype memory function is the exponengal’”,
multiplied by a coupling constank?. (It is usually called
Debye relaxation although it was first used by Maxwell in
his theory of viscoelasticity.The simplest memory function We first analyzed thé so(w) spectra of Fig. 3 using Eq.
m(t) for structural relaxation that fits various experimental (3) with the CD memory functiom(w) of Eq. (4). The fit
data in the frequency region of relaxation is the stretched- results, for a subset of the spectra, are shown in F[@6h

B. Cole-Davidson fits
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FIG. 5. Cole-Davidson fits to thego(w)
spectra of Fig. 3 to Egs.(3) and (4),
with B=0.68, wo/2r=13.211-(3.291
X1072)T+(2.6973<1075)T?, v,/27=T/1000.
The fits are shown foif =150, 160, 170, 180,
195, 210, 220, 230, 240, 260, 280, 300, 320, and
340 K.

leo(®) (arb. units)

Frequency (GHz)

As often found in the past, excellent fits can be obtained if altained from a free CD fit at 230 K where the Brillouin line-
the parameters are kept free. However, it is preferable to fiyvidth is largest. The result was the quadradig{T) function
as many parameters as possible using independently detgjnown by the upper solid line in Fig. 4 labeled “quadratic,”
mined values, since the parameters are rather strongly
coupled.(This coupling can also lead to unstable parameter
values in the fit results.Here we consider each of the rel-  wo(T)=13.211-(3.291x 10 3T+ (2.6973< 10 °)T?,
evant parameters separately. ()
(1) B. The fits are relatively insensitive to this parameter.
We took 8= 0.68 (corresponding t@Bx=0.77) as found in
the analysis of depolarized backscattering spectra by Dwhich was used in all subsequent fits.
et al.[8]. (3) vo(T). This term is conventionally included to repre-
(2) wo(T). Sincewy=Coq, WhereCy is the limiting low-  sent “regular” damping of the sound waves by anharmonic
frequency adiabatic sound velocity agdis the scattering processes not related to structural relaxation. It can also rep-
wavevector (4rn/\)sin(@2), wo(T) can be fixed ifCy(T) resent a simple frequency-independent approximation for the
and the refractive inder(T) are known.Co(T) was previ- fast part of the structural relaxation not included in
ously measured by ultrasonic experiments at 5 MHz and 1%-relaxation-only models such as the CD function. Usually,
MHz by Du etal. [8], which gave Cy(T)=2.507X 10° vo IS taken as a temperature-independent constant, fixed
—361.2I cm/sec. However, the ultrasonic data only coverfrom the Brillouin linewidth at low temperatures. However,
the range 240-293 K. At lower temperatures, there is signifisince anharmonic damping processes often tend to become
cant dispersion in the ultrasonic sound speed, while highestronger with increasing temperaturg, may increase with
temperature measurements are technically difficult. The rel. Also, at temperatures well above the temperature of the
fractive indexn(T)=1.5314-(3.752x10 4T (see Table)l maximum Brillouin linewidth, the linewidth due te, plus
corresponds to the sodiul line and may be different at structural relaxation is approximately given bywg=~ 1y,
514.5 nm. Thawo(T) values implied by these measurements+A®743. Fits with constanty, often give A values that
are shown in the upper panel of Fig. 4, by the short solidncrease at high temperatures, a result that appears to be
line. A linear extrapolation of these values, shifted up byunphysical. This apparent increaseAR can be avoided by
3.5%, is indicated by the long solid line labeled “linear:” allowing vy, to increase with increasing To avoid introduc-
wo(T)/2m=(10.71-0.0169) GHz. The shift, which is ing additional fitting parameters we arbitrarily assumgdo
within the experimental errors of tHey(T) andn(T) data, be a linear function off, and tookyy(T)=T/1000 as shown
was chosen so that at high temperatures the Brillouin peaRy the solid line in the lower panel of Fig. 4.
frequencywg is equal tow,, as expected. Note, however,  (4) A(T). Since at high temperaturesg=w, while
that the highT wg values suggest some small upward cur-Awg= yo+ A27p, the effective fitting parameter faxwg at
vature away from the linear extrapolation above 320 K.  high temperatures is the productr. So if A and 7 are both
Initially, fits were carried out with this lineaF-estimate  free parameters, the fits tend to be unstable. We, therefore,
of wy(T). However, the fits were not all satisfactory, in part carried out the fits for temperatures up to 235 K with the
because of the higli- curvature inwg seen in Fig. 4. For three free fitting parameterd?, 7, and the scale factd,.
materials whereCo(T) measurements extend over larger For T>235 K, A% was fixed at its value at-235 K, and
temperature ranges, there can be a significant upward curvtie fits were carried out with only andl, free. The param-
ture to Co(T). We, therefore, tried fittingoo(T) to the six  eters7(T) and A%(T) obtained from these fits are shown in
highest-temperatureg(T) values plus ones,(T) value ob-  Table Il along with the reduceg? value for each fit. The CD
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TABLE Il. Parameters obtained from the fits

Hybrid (fixed 7) Schematic MCT
T(K) CD (free 7) B=0.68 B=b=0.5 7 (N VoES o vER X2
7 (N9 A? (GHZ) X° 7 (n9 B/A? X2 B/A? x°
140 790 36.5 272 1.26107
150 1220 40.2 27.8 14210 001 274 0.002 286 94
160 31.8 37.0 221 2.4910° 0.04 195 0.034 227 80 30 25.2
165 14.2 34.3 23.3  1.961C°
170 6.11 31.8 413  4.2810° 011 125 0.13 159 60
180 1.34 27.5 66.3 2.M107 0.53 8.4 0.32 203  2®10 50 13 31.4
185 0.763 25.3 84.6  3.4010
195 0.236 22.0 60.4 2.51 150 473
200 0.148 20.6 44.2 9.7510 352 131 233 2410! 30 7.6 5.85
205 1.0% 107! 19.5 28.8 4.4%x10°!
210 7.2810 2 18.4 16.4 23%10' 400 101 272 8.3 25
215 5.41x 1072 17.6 17.8 1.3%10°!
220 4.15¢10 2 17.0 8.99 8.3%102 19.2 181 575 38102 23 5.4 5.73
225 3.25¢10 2 16.9 9.43 55%10°2 4.00 195
230 2.53% 102 16.7 521 3.8%10°? 203 36.0 121 21
235 2.13< 1072 17.0 535 2.8%10°2
240 1.75¢10°? 17.0 119 21&102%2 400 142 248 132 99103 18 4.7 11.9
250 1.2810°? 17.0 257 1.3&10°? 16
260 9.96<10 3 17.0 50.0 9.2%10°° 4.00 416 212 413 43710° 15 4.3 39.9
270 8.17% 103 17.0 47.4  6.8%10°° 13
280 6.61x 103 17.0 66.3 5.2%10° 400 543 220 54.0 12 <35 519
290 55810 3 17.0 60.5 4.1%10°°
300 45% 108 17.0 60.7 3.4&10°° 400 535 087 535 <25
310 3.90<10°3 17.0 434 2.9%10°°
320 3.3% 1073 17.0 492 25%10°° 400 443 234 443 <25 405
330 2.76<10°3 17.0 38.1 2.2x10°3
340 2.26<10°3 17.0 26.3 1.9810°3
350 1.80x10°° 17.0 18.2 1.7%10°% 4.00 18.1 1.90 18.1 <25 18

fits, shown in Fig. 5, are satisfactory although better fitsexcellent for thew peak, but which fall below the experimen-
could be obtained by keeping more parameters free, espéal data in the high-frequency wing.
cially wg.
However, the major point of the CD fits, as shown by the
solid circles in Fig. 1, is that for temperatures below IV. DATAANALYSIS 2: INCLUDING THE FAST B
~230 K, 7P determined from these fits does not increase RELAXATION—THE HYBRID MODEL

very rapidly with decreasing. At T=Tg=160 K, 73" The 7(T) values obtained from the Cole-Davidson fits to
found from the CD fits is only~30 ns, compared ta  Brillouin spectra exhibit a temperature dependence at low
~100 s found in other experiments. This disagreement isemperatures that disagrees strongly with the results of other
generally recognized as indicating that the CD mddelny  experiments, as seen in Fig. 1. The origin of this apparent
a-relaxation-only modelfor m(w) is incomplete. Once the disagreement can be attributed to the use efrélaxation
a peak moves well below the frequency of the Brillouin only” models for m(t), which ignore the fast part of the
peak,m”(w) of the CD function[with reasonabler(T) val-  relaxation process preceding the finatelaxation(i.e., theg
ued decreases rapidly with decreasing temperature, while theglaxation in mode-coupling theoryThe need for an “addi-
shape of the spectrum indicates that a significant contributiotional fast contribution” tom(w) was first noted by Loheider
from m"(w) is still present in the region of the Brillouin et al.[2] (also sed3]). Several empirical approaches to ex-
peak. tendingm(w) or m(t) to include the missing fas8 relax-
The fact that the CD function is an incomplete represenation have been described in the literature, includiticadd-
tation of the structural relaxation dynamics can also be seeimg a second Debye, Cole-Cole, or Cole-Davidson function
directly in the PC dielectric data of Schneideral. [18]. to the Cole-Davidsom-relaxation ternj4—6], (2) extracting
Their Fig. 2 shows CD fits to the dielectric data, which area memory function including botk and 8 relaxation from
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depolarized backscattering spectra and using it for fitting the
Brillouin spectrdg[ 3] (a procedure that succeeded for calcium
potassium nitratéCKN) but not for other materials(3) tak-

ing m(t) as the sum of a stretched exponential plus a damped
high-frequency oscillatory terrfi7], and (4) adding a term
Bw? to the Cole-Davidson function to approximate the R
critical-decay component of the fagt relaxation predicted \
by the MCT[8,9,3,10. This additive “hybrid model” ap- ] RS
proach, initially suggested by @& [27], has recently been \
shown to provide excellent fits to depolarized backscattering 10
spectra of tolueng28] and has also been used in the analysis
of Brillouin spectra of metatoluidinglQ].

100

With approach(1) the additional fast CD or Lorentzian, §'
with relaxation timer;~30 ps, is able to explain the extra E
“Mountain mode” seen in OTP at low temperatuf8]. We . \,
note that attributing a fast relaxation timg to structural vo'

relaxation is incompatible with MCT, which describes the 1
fast relaxation by power laws i@ or t for which there is no

75 [30], although it may represent an intramolecular relax-
ation process. \

Lol
[=3
'l
-

1
-

A. The hybrid model ] \

We have utilized the hybrid model approach, which has .
been employed in several previous Brillouin-scattering stud- 0.1 '
ies. We begin with the CD functiofEqg. (4)] and add a term e
to m(w) proportional tow?® 1, which represents the 2

107 10 10" 18 10 10*

“critical-decay” part of the fastg process in MCT. This Frequency (GHz)
superposition approximates the two-step relaxation scenario _ _ _
of MCT and does not introduce another relaxation time FIG. 6. The hybrid memory functiomm”(w) of Eq. (7) with

In some previous studies, we have used a related proceé=0.3 ns,3=0.68, anda=0.29. The broken line is the CD func-
dure to analyze depolanzed backscattenng Spectra den and the lower solid line is the Cl’itical-decay term. The ratio of
orthoterphenyl, we combined extended MCT fits for thethe critical decay to C_:D contributions&’Azz_0.00S. Insetm”(w)
B-relaxation region with KWW fits for ther peak[31]. A VS @ for the hybrid model[Eq. (7)] with 7=0.01 ns, A

comparison of these two hybrid procedures has not yet been 20 GHz. andB=5 without a cutoff(upper ling, and with the

attempted. cutoffe "7 in E_q. (6) (lower line), illustrating how the cutoff elimi-
Two problems arise when the tetm? is added tam(t). nates the spurious central peak.
First, the resultings® term in om(w) extends to arbitrarily
high frequencies rather than terminating in the boson peak. At high frequencies wherer>1, the critical decay part
This is presumably unimportant for Brillouin scattering, of EQ. (7) becomes
however, since fits to the Brillouin spectra are limited to
w/2m<15 GHz. Secondm”(w), which appears in the nu-
merator ofl(w) in Eq. (2), diverges at low frequencies as
? ! resulting in the introduction of a spurious “central
peak.” To eliminate thi_s_ artifact, we have included an exXpo-(where B,=Bsinm(a—1)/2]T(1—a) and B,=B cogn(a
nential cutoff in the critical decay part ofi(t) [27], —1)/2]T'(1—a)). Equation(8) is the familiar high-frequency
i\ pi—aa—(t/1) power-law behavior predicted by MCT.
Merig(1) =Bt 77, ©) In Fig. 6 we plotom”(w) of Eq. (7) with 7=0.3 ns, 3
wherer is the samerS® of the CD function, Eq(4). (Note =0.68, anda=0.29. The br_oken Iin_e is the_CoIe-Davidson
. @ S . . _term only, and the lower solid curve is the critical-decay term
that this cutoff factor has not been included in previous . X : X
only, including the exponential cutoff. The upper solid curve

analyses based on the hybrid mogel. ) . : .
4 : e ) : _ is the full hybrid memory functionom”(w) of Eq. (7) with
With this modification, the hybrid memory function be B/A2=0.005. This figure illustrates how the resulting

wMer(w)=[B;+iB,]w? (8

comes om’(w) goes over smoothly from the Cb-peak behavior
—AZ[(1—i -B_1 a'g low frgquencies to the? behavior_ at high f_requencigs,
om(w) (1) ] with a minimum between the two regions. The inset of Fig. 6
+iwBl'(1-a)(r 1—iw)® L (7)  shows the fullm”(w) with and without thee V" cutoff, il-
lustrating how the spurious central peak is eliminated by the
[See the Appendix for the derivation of E).] exponential cutoff.
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B. The critical exponenta

In MCT, the function om”(w) is predicted to have a
minimum between the high-frequency von Schweidler wing 1000
of the a peak and the critical-decay region similar to that in
Fig. 6. In the region of this minimum, the MCT interpolation
approximation givesom”(w) in terms of the critical expo-
nentsa andb (which are connected by tHe function rela-
tion) by [30]

om’(w)=wom . (0)[b(o/wnin)?+ a(wmin/w)b]/(a+ b),

[y IVH((n)

9

wherea is the critical exponent anld is the von Schweidler 1007

exponent, representing the high-frequency wing of the
peak. Fora=0.29, MCT predictd=0.50.

Since in our hybrid memory function, Eq7), the CD
function forw>1 is < #, fits to the interpolation E¢(9)
with b= B will determine an “effective”a.¢s to use in Eq.

(7) at temperatures high enough for the minimum to be ob-
servable(from previous MCT fitsp~0.50 while 3~0.68). e —rrr
At lower T, where the minimum has disappeared from the 1 10
frequency region of the Brillouin spectrunmym”(w) may Frequency (GHz)
have the form of a power law im, but since this region no
longer corresponds to the asymptotic region of the minimum1KitS to the MCT interpolation equatiofiEq. (9)] (using b= 3

the apparent power-law behavior @m”(w) « w?eft can pro- —0.68 anda free) (T=170, 180, 185 K or the power laww?!t

duce anaes; quite different from the critical exponemtit- (t_140, 150, 160 K The values ofa,;; determined in these fits

self. . ) ) were used in the low-temperaturg o( w) hybrid model fits shown
We utilized the depolarized backscattering spectran Figs. 8 and 9.

lvu(w), multiplied by w to estimatavm”(w) in order to find
a1i(T). In Fig. 7 we show sixwlyy(w) spectra forT C. Minimum free parameter analysis

=140, 150, 160, 170, 180, and 185 K. The speciraTor We initially tried to fit the spectra with Eq.3) and the

=170, .180’ and .185 K, Where the m_inimum is visi_ble, h"’“’ehybrid memory function Eq(7) with the smallest possible
been fit to the mterpolatlpn equatiofEq. (9)] using B number of free parameters. We fixesh(T) with Eq. (5),
=0.68 forb with a free, Wh'le ;he spectra fof =140, 150, vo(T)=T/1000 as in the Cole-Davidson fits,using Eq.(1),
?nd dl?o KtEave fk?teen fit t%eff. The values ofae(T) B=0.68, and the ratidd/A?, the relative strengths of the
ound from these nts are critical-decay term(B) and Cole-Davidson termA?), by
adjustingB/A? to makewn,, fall close to thew,;, found in

FIG. 7. VH backscattering spectra multiplied by frequency with

TK) Aeff the depolarized backscattering RO w) spectra of Diet al.
140 0.62 [8]. With B/A%?=0.175, which produced good agreement,
150 0.59 there are only two remaining free parameters left in Egs.
160 0.52 and_(3):_ the CD coupling constamh? and the overall nor-
170 0.42 malization constanky,.

With this severely constrained fit procedure, however, the
180 0.30 resulting fits were not generally acceptable. One surprising
aspect of the results was that fb=170 K the linewidths of
In the fits to our Brillouin spectra, we used these values othe fits became too broad; this problem can be resolved by
a.1(T) for temperatures up to 180 K arm=0.29 for all  decreasing BAZ.
higher temperaturegNote that the temperatures at which  This indication that the strength of the critical contribu-
aq¢¢ differs froma = 0.29 are all belowl ¢ .) tion to the memory functiorirelative to thea peak may
A tendency foraes to increase with decreasingat low  weaken in the temperature range betw&grand T is also
temperatures has been found previously in depolarized lightsupported by the depolarized backscattering spectra, shown
scattering studies of several glass-forming materials, includin Fig. 7. At temperatures belolv=170 K, the minimum in
ing CKN, OTP, PS, PC, and picolir@2]. As we will see, wol(w) is atw<1 GHz, so thex peak is completely out of
the fits to our Brillouin-scattering spectra suggest that thighe spectral window. The intensity in the Brillouin frequency
increase also applies to the memory function for the longituregion (~8 GHz), which is, therefore, entirely due to the
dinal viscosity. “fast beta decay,” is seen to decrease rapidly with decreasing
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FIG. 8. Fits to PC Brillouin spectrigo(w)
with the hybrid model fom(w) of Eq. (7) with
B=0.68. The free fitting parameters drg, A2,
and B/A?; the values found from the fits are
given in Table 1. T=150, 160, 170, 180, 195,
210, 225, 240, 260, 280, 300, 320, and 350 K.

leo(®) (arb. units)
b=
1l

Frequency (GHz)

T, consistent with the apparent behavior ®m(w). This  The fits are shown by the lower curves for each temperature
result is also presumably related to the MCT prediction of &n Fig. 9. (They are also the four loW-fits shown in Fig. 8.
cusp in the nonergodicity parametéy(T) at Tc below  Note that at low temperatures the experimental spectra have

which the critic_al decay Weak_e_ns with de_cre_asing temperay weak extra structure at low frequencies, which is not
ture. It also indicates that additional contributions to the fasbresent in the theoretical fits.

relaxation from other processés.g., intramolecular vibra-
tions) are unlikely in PC since these would produce a larger
value of B/AZ. 10°

D. Complete hybrid model fits

To provide a complete hybrid model analysis, we allowed ﬂ
the ratioB/A? to vary in the fit. At low temperature® and
A2 could be determined independently from the fit. At tem-
peratures above 200 K, howev&andA? are strongly cor- 10
related. At 210 K an optimum fit was found witB/A?
=4.0, and we arbitrarily kept this value fixed for all tempera-
tures above 210 K. FoF<180 K, the fits obtained with =
0.29 were not satisfactory, so they were redone withatfje
values listed above. The resulting set of fits is shown in Fig.:
8; the fitting parameter8/A2 and = are given in Table Il
together with they? values. These hybrid model fits have &
three free parameters, as in the CD fits. However, they havez
7(T) constrained to follow Eq(1) shown by the broken line 3
in Fig. 1, automatically eliminating the(T) disagreement
problem of the CD fits. They are nevertheless at least as goor N 2 )
as the CD fits. 10° e e -4 A

In their light scattering study of metatoluidine, Aouadi \ e
et al. [10] also analyzed so(w) spectra with the hybrid
model, constraining—SD to be proportional to the, deter-
mined from depolarized backscattering spectra. They found
as we did, that at low temperatures the strength of the critical
decay decreases with decreasihdgsee their Fig. 12 Al- 10'
though they also found that the critical-decay strength de-
creases at high temperatures, resulting in an apparent max I
mum around 250 K, this behavior may be a manifestation of 0 5 10
the strong correlation betweeY? and B mentioned above. Frequency (GHz)

nits)
1
e e

: \
1004 S

arb. u

Lol 1 Lol
o
&

FIG. 9. Low-temperature hybrid model fits using thg; values
found in the fits shown in Fig. 7. FoF=150, 160, and 170 K, a

With a¢ replacinga in Eq. (7), we carried out additional second fit(the upper curve at each temperajugeshown for each
fits to the Brillouin spectra fol =150, 160, 170, and 180 K. spectrum, which includes the effect of thermal diffusion.

E. Thermal diffusion contribution
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The light-scattering spectrum of density fluctuationset al. and of picoline by Adichtche\et al. [28], which re-
l,so(w), including thermal diffusion effects, can be ex- duced the number of free fitting parameters in their fits by
pressed ap21,22] one.

We, therefore, carried out another set of hybrid model fits
with 8=b=0.5. All other parameters were the same as in the
fits of Fig. 8. In these fits, we kept=0.29 andB=0.50 for
all temperatures and also kept bat and B free. The re-
where w=C+q (Cy is the isothermal sound velocjtand  sulting fits are generally comparable to those obtained with
M(w)=m,(w)+mrp(w) includes both the structural relax- B=0.68, pl_emonstrating that the hybrid model fits are not
ation contributionm, () [e.g., Eq.(4) or (7)] and the ther-  very sensitive to the value .

I(w)zIflm[w%—wz—iwyo—wm(w)]fl, (10

mal diffusion contribution At low temperatures, however, the low-frequency regions
of these fits are not as good as the previous fits, illustrating
m_l_h(t):(»y—l)w_zl_e_t/TTh' the effect of the increase ia.¢; at low T. The x? values

obtained both with3=0.68 andB=0.5 are listed in Table I
together with theB/A? values, and are seen to be similar.
Note that in the8=0.5 fits whereA? and B were both free
fitting parametersB/A? increases with increasinf, passes
i(y—1)w2r through a maximum af ~230 K, and then decreases again
M_ (1  athighT, similar to the results of Aouadit al. for metatolui-
l1-iwrm dine[10]. As noted above, howeveB and A? are strongly
correlated at high temperatures, and the Higkalues of
In the spectral window explored by 90° Brillouin scattering B/A? are, therefore, probably not significant.
(w=0.5 GHz),wrr>1 since typicallyrr,~15 ns. Then, An advantage of choosing=b is that there is one less
in Eq. (10), —wm-rh(w)~w12-('y— 1). Adding this to thew$ parameter in the fitting procedure. Also, the region of the
term in Eq.(10) then give5w$+ w12-('y— 1)=w$y, which is  susceptibility minimum in Eq(9) is the same as in Eq7) if
just the square of the adiabatic sound frequeagyIn that ~ B=Db. This makes theg3=b reduced hybrid model a good
approximation Eq{(10) recovers the simpler equatiqiEq.  candidate for attempting to simultaneously describe all relax-

where 7r,= (D19%) ~ 1. With the Laplace transform conven-
tion of Eq. (A3) in the Appendix,

Mrp(w)=

(3)] with m(w)=m,(w) only. ing properties in a given material.

While the quasielastic thermal diffusion mode is not usu-
ally included in the analysis of Brillouin-scattering spectra, V. DATA ANALYSIS 3: EXTENDED SCHEMATIC
at low temperatures, the high-frequency tail of the thermal MCT MODEL

diffusion mode can appear in the Brillouin spectrum if the , . . -
window extends to sufficiently low frequencies. The four For the third and final analysis of the PC Brillouin spectra

spectra shown in Fig. 9 have a weak extra structure at lodjso(®), We constructed the memory function(w) of Eg.
frequencies, which may be due to the tail of the thermal3) from the mode-coupling theory rather than from param-
diffusion mode. etrized empirical models, using the extended schematic MCT

Since numerical data foy and D+ are not available for model of Gdze and Voigtmann mentioned in the Introduc-

PC (to our knowledge we estimatedy=1.5 and ry, ton[15)

=16 ns, and reanalyzed the spectra of Fig. 9 using(Ed).

with 0=y, M(w)=m,(0)+mMpm(e) with mp(w) A. Mode-coupling theory
given by Eq.(11), andm,(w) by Eq. (7). The resulting fits,
including thermal diffusion, are shown as the upper curve
for each temperature in Fig. 9 fdr= 150, 160, and 170 K,
showing that at these low temperatures, the thermal diffusioréﬁi
mode is apparently visible in the Brillouin spectrum at low
frequencies. For temperatures above 170 K, the thermal di
fusion contribution is not visible.

The mode-coupling theory begins with exact classical
%quations of motiorithe generalized Langevin equatjdior
q(1), the normalized autocorrelation functions of the den-
ty fluctuationsp,(t), derived from the Hamiltonian with
%_he Zwanzig-Mori projection-operator formalisf80],

. . t .
b+ m/)q(t)+di)q(t)+Q§fomq(t—t’)¢q(t’)dt’=o.
F. Hybrid model with =D (12

Finally, we note that a slightly different strategy can be
followed in carrying out the hybrid model analysis. With the  Equation(12) is equivalent to the generalized hydrody-
exponenta in Eqgs.(6) and(7) fixed (for T>T) at 0.29, the  namics equatiori3), as shown in the Appendix, but its pa-
region of the minimum inmm”(w) is predicted by MCT to rameters are determined by the Hamiltonian in the Zwanzig-
obey Eq.(9) with b=0.50. However, there is a slight differ- Mori formalism. In particular, my(t—t"), which is an
ence between this prediction and K@) because so far we empirical memory function in Eq3), is the autocorrelation
have taken3+b. This difference can be eliminated by arbi- function of the random forces in E{L2). A central accom-
trarily fixing 8=b=0.50, as was done for the analysis of plishment of MCT was the derivation of a closed mode-
depolarized backscattering spectra of toulene by Wiedersicboupling approximation fomg(t) as
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pling constant(We note that this is the same procedure em-
mq(t):qE V(9,91,9—01) ¢q,(Ddg—q, (1), (13 ployed by Ruffleet al. [14], who used the simpler Sjoen
. model)

in which the coupling coefficient¥(q,q;,9—q;) are ex-
pressed in terms of the static structure factgys S e and

Sq-q,- If the intermolecular potential is known, Eq42) and Fitting the Brillouin spectral|so(w) with the two-

(13) can be solved self-consistently to find the density corre SOITelator MCT model described above is technically more

lation functions and spectfd2]. (For liquids of anisotropic difficult and, therefore, less straightforward than the other

. B . . _ 2
molecules, the analysis is further complicated by orienta:[WO f|tlt|ng procedlures. This IS becausa(w)—A bs() .
tional effects) must first be obtained by solving and Fourier transforming

In cases where the intermolecular potential is not knownthe MCT equationgtwo sets of Eq(15)], and then interpo-

PR P .. lated to match the frequencies of thgo(w) spectrum.
simplified “schematic” MCT models can be used, which in- . . . 150
clude only a few correlators, with the remaining coupling For the fits with the schematic MCT model, we began

constants considered as fitting parameters. Thegr&jo W'thtt the Birsa)r?_(teterfe_c_c)tbtamegvm tthe depﬁlarlzgd th"g.ht'
model is a two-correlator schematic model. The “system” igScd ering( s 0 Z€ and voigtmann, shown in their

represented by the system correlafdt), while the variable Fig. 1[15]. Since the correlatorg; computed with the pa-

being probed experimentally is represented by the probe Cof_e\meters they used gave very good fits to the depolarized

relator ¢(t). The two memory functions are |ght—scatter|ng spec'tra over ngarly four. decades in _fre—
guency, we tried to fit the Brillouin-scattering spectra using

these same parameters. However, th@eaks of the DLS
spectra are at lower frequencies than the correspondifig
values, as seen in Fig. 1, wherB-5~57-*. We found that

Ms() = V(1) ¢s(1). (14b) the position of thea peak in w¢y(w) is primarily deter-

) ] . mined by the coupling constai in Eq. (14b). We, there-
Equation(12), written separately fop(t) and $¢(t) with the  fore treatedv, as a free fitting parameter. All other MCT
memory function of Eqs(14), can then be solved self- parameters were kept at their DLS values. We solved the
consistently withvy, v,, andVy as fitting parameterésee  \cT equationd Egs. (15)] for selected values of and the
Ref. [13]). resulting (), after multiplication by th&adjustablg cou-

For temperatures near and beldw of MCT, the “cage  pjing constantA2, was taken as the memory function(w)
effect” dynamics embodied in Eq12) lead to the(usually i, Eq. (3). A nonlinear least-squares analysis was then car-
unphysical result of total structural arrest. In most glassyijeq out in whichl, and A2 were the free parameters. This
forming materials, this arrest is avoided by activated hoppingbrocess was repeated with different values/gfuntil the fit

processes, which are included in the extended version Gfas optimized(Note that in fitting their Brillouin spectra of
MCT (to a first approximationvia a temperature-dependent NaLiPO; with the idealized two-correlator schematic

B. MCT fitting procedure

mM(t) =v1p(t) +v,p2(1), (14a

hopping parameted. Equation(12) is replaced by 15] Sjogren model, Ruffleet al. also treated/, as a free param-
) . eter while the system parameters were fixed from neutron-
S+ (A+v)p(t)+(Q%2+Av) P(t) scattering resultgl4].)

. The MCT fits for T=160, 180, 200, 220, 240, 260, 280,
+sz m(t_t/)[(ﬁ(t/)‘FA(ﬁ(t’)]dt,:O (15) 300, 320, and 350 K are shown in Flg 1G.OI'T>3OO K,
0 the MCT parameters other th&fy were obtained by extrapo-
lation from lower temperaturesThe resulting value¥ and

[Note that the hopping parametrin Eq. (15) is not related  x” for these fits are given in Table (hote that thev values
to the coup”ng constam? of the Brillouin fits in, e.g., Eq for the Brillouin fits are Systematically smaller than the de-

(7).] polarized light-scattering valueg2-%). The MCT fits are
The extended Sgren model of Gtze and Voigtmann comparable to the hybrid fits, and have lower values at
consists of two sets of E15), one for¢ and one for¢ps,  some temperatures. For the lowest temperatures, the low-
with the two memory functions of Eqé14). These are to be frequency region of the MCT fits is poor, reflecting the
solved self-consistently. known limitations of the model for low frequencies @t

The parameters op(t) are(), v, A, v, andv,. They  <Tc [27]. At temperatures above 280 K, the fits were not
have already been globally optimized for PC byt@oand sensitive to the value d¥ for V¢=3.5. This is because the
Voigtmann for dielectric, neutron-scattering, and depolarizedr peak inom”(w) is then above the Brillouin line, and the
light-scattering data covering a much larger range of freshape of the memory function in the Brillouin randeto 15
guencies than that of our Brillouin-scattering spectra. TheGHz) is nearly independent of. As seen in Table Il, the
parameters ofp¢(t) are Qg, vs, Ag, andV,. (Note that value of the coupling paramet®i; decreases monotonically
varying the parameters @, has no effect onp.) with increasing temperature as predicted by MCT.

In this section, the Gae-Voigtmann schematic MCT For the temperatures 180, 200, 220, 240, and 260 K, the
model will be used to compute the memory functimfw) position of thea peak inom”(w) was sufficiently well de-
of Eq. (3), taken asn(w)=A%¢(w), whereA? is the cou- termined by the fits to estimate the MGi-relaxation time

051503-13



BRODIN, FRANK, WIEBEL, SHEN, WUTTKE, AND CUMMINS PHYSICAL REVIEW E65 051503

FIG. 10. Fits of PAl 5o(w) spectra with the
extended schematic MCT model of E4$5) and
(14) for T=350, 320, 300, 280, 260, 240, 220,
200, 180, and 160 K. In the fitg;y(T)=T/1000
and wy(T) is fixed following Eq.(5). All MCT
parameters are those found by t@® and \Voigt-
mann from their fits to DLS spectraxceptfor
Vs, which has been adjusted to optimize the fits.
For T=300 K, the parameters other than
were determined by extrapolation from lower
temperatures.

leo(®) (arb. units)

s,
RRNTO 2
TNy g oS

Frequency (GHz)

7,=1llw,. The values found are listed in Table Il and arewith a fast decay towards a plateau that precedes the final
also shown in Fig. 1 by the symbols. Note that the MCT a-relaxation process. Since the memory functiofw) for
values follow the same qualitative temperature dependendengitudinal viscosity should also have this two-step form,
as the dielectric data, and are similar(tbough somewhat the memory function used in the analysis of Brillouin-
lower than the values we assumed for the hybrid fits. Thescattering spectra should include both theelaxation and
ratio of 7, (MCT) to 7, of Eq. (1) increases monotonically the fast-relaxation regions oh(w). If 7, is constrained to
with increasing temperature, from 0.14 at 180 K to 0.51 alg|jow the temperature dependence found in other measure-
260 K. Thus, the MCT approach, in contrast to the otherments, such as dielectric or depolarized light-scattering spec-

approaches described in the preceding two sections, is abjgyscopy, then the memory function must be extended to
to provide reasonable estimateswf' purely on the basis of higher frequencies to provide sufficient damping oncedhe

f'ts_rtr? the Brlllc?um ipectrﬁ. hi ded sch ic MC eak inom”(w) has moved below the Brillouin lines. This
ese results show that this extended schematic xtension to include fast-relaxation processes can be imple-

model is able to simultaneously describe the spectra and al?ﬂented many ways, but most approaches require the intro-
give reasonable fits for,(T), thus answering the question duction of a fastﬁ—rélaxation timer, that does not corre-

that originally motivated this study affirmatively. spond to the results of other experiments. In practice, there
may also be other sources of fast relaxation—such as in-
tramolecular vibrations—that influence the Brillouin spectra,
but the high-frequency part of the structural relaxation dy-
As noted over 30 years ago by Montroseal, the de- namics must still be present.
tailed shape of thé so(w) Brilliouin spectrum is relatively Because the mode-coupling theory has been successful in
insensitive to the exact nature of the memory funcfida). analyzing a wide range of experimental data, we have used
This is due, as noted earlier, to the limited frequency range cdn empirical model fom(w), which is qualitatively consis-
Brillouin-scattering data. Ifwg is fixed (from ultrasonic  tent with MCT. The hybrid model, which mimics the two-
datg, the ratiom”(wg)/m’(wg) must have the “correct” step relaxation scenario of MCT by combining the CD func-
value to obtain reasonable fits, but there is still enormousion for « relaxation with the critical-decay lawe®), has
flexibility in constructingm(w). If one wishes to extract been shown to provide generally excellent fits to the
meaningful information from the fits, then additional con- Brillouin-scattering spectra.
straints must be imposed. Furthermore, we found that fixing=b=0.5 produces
First, the « relaxation time should be reasonable. Fitsfits of equally good quality as witl#=0.68.[This value of
using a-relaxation-only models, e.g., the Cole-Davidsonhb=0.5 follows, together witha=0.29, from fitting the
function of Eq.(4), produce acceptable fits but give unrea- minima of PC susceptibility spectra to E®).] Wiedersich
sonably short relaxation times at low temperatures.TAt et al. [28] have used this reduced hybrid model to fit their
~Tg, one finds typicallya-f)fD(TG)~1O*7 s while other depolarized backscattering spectra of toluene; the reduction
experimental techniques generally yield,(Tg)~10° s.  in the number of free fitting parameters relative to the usual
This disagreement demonstrates the fact, already showprocedure, wherg3 and b are independent, represents an
many times, that-only models of structural relaxation are attractive variant of the hybrid model. It will be interesting to
incomplete. explore the ability of this model to simultaneously fit both
A great deal of research during the past 15 years hadepolarized backscattering spectra and Brillouin spectra for
shown that structural relaxation occurs in two steps, startingny given material.

VI. DISCUSSION AND CONCLUSIONS
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We have also explored the applicability of the two- for the fast-relaxation process observed in Brillouin-
correlator schematic MCT model to the analysis of Brillouin scattering spectra: coupling of longitudinal acoustic modes to
spectra, a procedure first employed by Ruéfeal. [14] who  intramolecular degrees of freedom as originally suggested by
used the Sjgren model without hopping. We used the new Mountain[1]. Even in OTP, however, where this mechanism
extended model of Gme and Voigtmanri15] with which  appears to be important, some part of the fast relaxation must
they fit depolarized light-scattering, neutron-scattering, andbe associated with structural relaxation.
dielectric data for propylene carbonate with common param- Finally, we return to the question of the ability of
eters for the system correlatgi(t) for all the experiments. Brillouin-scattering spectra to extract meaningful informa-
For the probe correlatopg(t), we kept the parametef3,, tion about the structural relaxation process. In Fig. 11 we
v, andA, that they obtained from fits to depolarized light- show om”(w) (solid lineg and wm’ (w) (broken lineg ob-
scattering spectra fixed, but we varigdto optimize the fits tained from the MCT fits(top) and the hybrid fits with3
to the Brillouin spectra, takingn(w) =A2¢4(w), whereA?  =b (bottom).
is a free parameter. The resultidg values were systemati- In the range of the Brillouin spectfd—15 GHz indicated
cally smaller[and the resulting frequency of the peak in by the horizontal solid lings the shapes of these curves are
om’(w) higher] than those found from fits to the depolar- remarkably close, even though they were obtained with very
ized light-scattering spectra, consistent with the result thadifferent procedures. This result suggests that a reasonable
7-* is smaller tharr, of depolarized light-scattering spectra phenomenological model such as the hybrid model, with the
as shown in Fig. 1. We then used the positions ofd¢hgeaks constraint thatr, should have a temperature dependence
in the MCT memory function to estimate the relaxation timeconsistent with that found by other techniques, can provide a
MCT=1/0MCT . As seen in Fig. 1, the resulting’“" values ~ credible representation of the memory functioigw) char-
follow the temperature dependence expected on the basis 8fterizing the longitudinal viscosity.
the dielectric data of Schneidet al. We emphasize that this
MCT analysis is thg only one Qf the thrge employed in this ACKNOWLEDGMENTS
study that can provide a meaningful estimaterpf
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9616577 and DMR-9980370. Travel support for the CCNY-
TUM collaboration was provided by NATO under Collabo- which is Eq.(3) in the text.(Note that without the in Eq.
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APPENDIX: SOME MATHEMATICAL DETAILS
The normalized density fluctuation correlation function
B(t)=(pq(0)pq(1))/{lpq(0)[?)

obeys the generalized Langevior generalized oscillator
equation

(A1)

. . t .
(1) + yod(t) + wie(t) + fo m(t—t')p(t')dt’ =0.
(A2)

We use the Laplace transform convention usually fo

lowed in the mode-coupling theory literature

F(z)=ifxeiZ‘F(t)dt (A3)
0
with which we obtain

b(2)= —[z+m'(2)]=i[yot+tm"(2)] (Ad)

[22— wi+zm (2)]+i[zyot+zm(2)]

wherem(z)=m’(z) +im"(z).
The power spectrum of the fluctuations ¢(t) is given
by

(A3), m" andm” would be exchanged, a convention that is
frequently employed in the Brillouin-scattering literature.

In the critical region preceding the relaxation,m(t) can
be represented by

mcrit(t):t_ae_t/Ta- (A7)

when thee™ Y7« cutoff factor preventsn,,;,(t) from adding
to m,(t) at frequencies below the center of therelaxation
region. With Eq.(A3) andm(w)=[m(2)],-,, we have

mcm(w)zif glott—ag=tr (¢, (A8)
0

I_from which[34]

1 a—1
——iw) .
p

For the hybrid modelmn(w)=mcp(w) + M,it(w), SO

Merit(w)=il'(1-a) (A9)

om(w)=A{(1-iwr) #-1]
+iwBl(1-a)[7 1—iw]??
=A(1-iw7) #-1]
+iwBl'(1-a)m™ 31-iwn? % (A10)

which is Eq.(7) in the text.[Fora=0.29,I'(1—a)=1.282]
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