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Depolarized-light-scattering study of orthoterphenyl and comparison with the mode-coupling model
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The dynamics of the molecular glass-forming liquid orthoterphenyl above the glass-transition temper-
ature was studied combining several experimental techniques: depolarized Raman, depolarized
Rayleigh-Brillouin light scattering, and photon correlation spectroscopy in the temperature range from
250 to 440 K. The combined spectra covering a frequency range from 10 ' to 10"Hz were analyzed us-

ing the mode-coupling theory. The coordinates of the susceptibility minimum, co;„and y;„, as well as
the position of the maximum, co,„(a peak), scale with temperature according to the mode-coupling
theory, resulting in T, =290 K. The construction of the predicted master curve in the vicinity of the
minimum of the rescaled susceptibility was possible in a narrow frequency range only if the values of
~;„resulting from the mode-coupling-theory force fit were used. The width of the a peak appears to in-
crease with increasing temperatures for temperatures above T„although when the effects of fast process-
es on the high-frequency wing are included, the corrected width appears to decrease instead approaching
a Debye relaxation shape at high temperatures. Below T, it was not possible to fit objectively the data
using the mode-coupling theory; thus it was impossible to corroborate the divergence of the scaling time
of the mode-coupling P relaxation on both sides of T, . Assuming a priori that the mode-coupling model
is correct, it is possible to make the data compatible with the mode-coupling theory.

PACS number(s): 61.25.Em, 33.20.Fb, 64.70.Pf

INTRODUCTION

The dynamics of the van der Waals glass-forming
liquid orthoterphenyl (OTP) has been described in terms
of separated dynamic processes ([1],and references cited
therein). The primary (a) relaxation has been character-
ized in a broad temperature range above the glass-
transition temperature by means of dielectric spectrosco-

py [2], dynamic light scattering (DLS) [1],NMR [3], and
quasielastic neutron scattering (QENS) [4]. The tempera-
ture dependence of the a relaxation time is Arrhenius-
like at high temperatures and can be described by the
Williams-Landel-Ferry (WLF) or Vogel-Fulcher- Tamann
(VFT) formulas at low temperatures [1]. Another Pzo
process (Johari and Goldstein [2]) with an Arrhenius tem-
perature dependence was found, in OTP in a dielectric-
spectroscopy study. Additionally, a fast process analyzed
as a single Lorentzian of practically constant relaxation
time of the order of 1 ps and intensity decreasing to zero
at the ideal glass transition (VFT) temperature To was

found in a DLS study on OTP [1]. A similar process was
reported in neutron scattering experiments for OTP [5,4]
and tri-a-naphtylbenzene (TNB) [6]. All these processes
are common features of low-molecular-weight and po-
lyrneric glass-forming liquids. In some of them addition-
al processes were observed which could be related to the
intra molecular relaxation [7]. This phenomenological
description of the dynamics of glass-forming liquids in
terms of separated processes does not result from any
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complete theory.
An alternative approach was adopted in the mode-

coupling theory (MCT), where some characteristic
features of a spectrum covering a broad frequency range
(several orders of magnitude) are discussed [8,9]. The
MCT predicts a P relaxation which cannot be identified
with the PJo process mentioned above since it occurs at
much higher frequencies and has a difFerent temperature
dependence as reported in DLS [10,11] and QENS [5,4]
experiments. Experimental spectra which can be ana-
lyzed using the MCT can be obtained in a DLS experi-
ment using a combination of a Raman spectrum and
spectra from a tandem Fabry-Perot interferometer (T-
FPI) of different free spectral ranges [10,11]. In this pa-
per we have extended the frequency range of the data by
additionally using a confocal FPI (C-FPI) and photon
correlation spectroscopy (PCS). This extension is very
important because it allows one to measure the u peak
and the minimum of the susceptibility at temperatures
below T, .

The predictions of the idealized MCT have been tested
previously using DLS [10,11] and QENS [5,4] data. It
has been shown that the experimental data are compati-
ble with the MCT in terms of predicted specific features
of the susceptibility spectrum.

In this paper we present a critical test of the predic-
tions of the idealized MCT using DLS spectra of OTP
covering the frequency range from 10 to 10' Hz. We
discuss extensively the difFiculties one encounters using
the MCT to fit the experimental data: (i) the master-
curve construction in the vicinity of the susceptibility
minimum for T )T„(ii) temperature dependence of the
width of the a peak, and (iii) difficulties in obtaining an
objective estimate of the scaling time of the MCT P relax-
ation below T, and its divergence at T, .
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THEORY

The mode-coupling theory and its application to ana-

lyze the dynamic-light-scattering data of glass-forming
liquids have been extensively discussed elsewhere [8,9,12].
Here we will repeat only those predictions of the ideal-
ized MCT which can be tested using our experimental
data.

8 RELAXATION

The MCT predicts that the susceptibility x"(co}can be
expressed in terms of the scaling function X+(co/co ) in
the form
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where o is the separation parameter which in the vicinity
of T, is defined as

Te To=C
C

(2)

x"(co)= b
a +~ min min

where co and x";„are the frequency and the amplitude
of the susceptibility minimum. The exponents a, b, and y
and the exponent parameter A, fulfill the following rela-
tions:

co is the scaling frequency, h is a critical amplitude, and
+ refers to o & 0 or a & 0, respectively, and C is a propor-
tionality constant of the order of unity. For T & T, in
the vicinity of the minimum the susceptibility can be ap-
proximated by an interpolation formula:

—b

log, o (m / co,)

FIG. 1. The MCT master functions for temperatures above
and below T, . The curves were calculated using a A, =0.70 from
the expansion coefficients given in Ref. [13].

slope of a for m»co . At frequencies m «co the slope
amounts to b(von—Schweidler exponent) for T & T, and
to1for T&T, .

a PROCESS

The idealized MCT predicts the cx process to occur
only for T & T, and to be completely frozen below T, .
The correlation function describing the cx process in
MCT is found to have a temperature-independent form
thus obeying the time-temperature superposition princi-
ple. It has also been shown that the Kohlrausch-
Williams-Watts (KWW) (stretched exponential) function

T ~ p

0&a&0.395, 0&b&1, (4) 4(t)=A exp. —
+KWW

(9)

1 1r=2, +2b

I (1—a) I (1+b)
I (1—2a) I'{1+2b) (6)

is a good approximation of the MCT correlation func-
tion, except at short times. Thus the MCT predicts a
constant KWW P parameter above T, . The susceptibility
in the a region depends only on the scaling frequency co':

The MCT predicts the following scaling of the parame-
ters X";„and co;„with temperature close to T, : X"(co)=X"(co/co' ) . (10)

x";."x.""
I

I'",
~ ~~ ~1/2a

(7) The position of the maximum of the susceptibility should
obey the scaling 1aw

For T &T, the MCT predicts a change at co from a
linear frequency dependence much below co:
X"(co)=X"(co/co ) to a critical frequency dependence
much above co: x"(co)=x"(co/co )'. In this case x" and
co refer to the amplitude and position of a "knee" in a
plot of log, o[X"(co) ] versus log 1p(co).

The susceptibility spectrum corresponding to the P re-
laxation can be numerically calculated [13) as shown in
Fig. 1, where log1O[X"{co)/X"] is plotted versus
log, o(co/co ). The upper master curve corresponds to
cr &0 {T& T, ) and the lower one to cJ&0 (T & T, ). In
this representation both master curves have a limiting

EXPERIMENT

Orthoterphenyl of 97.5%%uo purity was obtained from
Merck-Schuchardt. This OTP was recrystallized several
times from methanol solutions. Finally the sample was
vacuum distilled into dust-free light-scattering cells
(round, 10 mm inner diameter}, which were flame sealed
afterwards. High purity and a good optical quality of the
samples resulted in a low Landau-Placzek ratio RLP of
0.3 at 423 K. These samples were kept at room tempera-.
ture for several months without a trace of crystallization.
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The purified OTP has a glass transition temperature T
of 244 K determined by difFerential scanning calorimetry
(heating and cooling rates 5, 10, and 20 K/min) and a
melting temperature of 329 K [differential scanning
calorimetry (DSC)] in a good agreement with previously
reported values [14].

Previously it was found that OTP can be prepared in
two metastable states, with and without long-range densi-
ty fluctuations [15]. The samples with long-range density
fluctuations show a strong excess isotropic Rayleigh corn-
ponent leading to RLp 20 to 50 times higher than expect-
ed for a viscoelastic liquid. In a previous depolarized-
dynamic-light-scattering study no influence of the long-
range density fluctuations on the relaxation times of the
optical anisotropy fluctuations was found [1]. Therefore
we performed our experiments on samples without long-
range density fluctuations, to prevent any distortion of
the spectra due to a leakage of the polarized light result-
ing from imperfections of polarizers, cryostat windows,
etc.

All measurements reported here were done in VH
geometry (polarizer and analyzer in crossed positions) to
obtain the depolarized component of the light-scattering
spectrum under a scattering angle 6=90'. We have
combined measurements using a six-pass tandem Fabry-
Perot interferometer [T-FPI, Sandercock, free spectral
ranges (FSR}:10, 15, 20, 50, 150, 450 GHz], and a confo-
cal Fabry-Perot interferometer (C-FPI, Burleigh CFT
100, FSR 750 MHz) with measurements done with a
double-grating monochromator (SPEX 1403, 1800
lines/mm, focus 850 mm), and with a digital correlator
(ALV5000 with fast option} for photon correlation spec-
troscopy (PCS). The C-FPI with a free spectral range of
750 MHz was used to measure the depolarized Rayleigh-
Brillouin (DRB) spectra in the frequency range from 10
to 400 MHz.

Previously the DRB spectra of Salol and CaKNO3
(CKN) [10,11] were measured in the frequency range
from 0.2 GHz to 3.5 THz in the backscattering geometry.
The extension of the experimental frequency windo~
down to 10 MHz is very important and necessary in or-
der to be able to measure the minimum in the susceptibil-
ity spectrum at temperatures close to and below T, .

Our measurements were performed at a scattering an-
gle 6=90' using a modified experimental system in
which no additional static light was necessary to stabilize
the T-FPI. In this way undistorted DLS spectra, includ-
ing the central peak, were measured at all temperatures.
This central peak is mainly due to the first-order scatter-
ing resulting from optical anisotropy of the scattering
medium. Its width is decreasing with decreasing temper-
atures and at low temperatures it is buried in the instru-
mental line while the integrated intensity is practically
constant [1]. In the previous studies [10,11] most of the
intensity within the instrumental line was due to the
(elastic) light reflected from the surface of the cell, which
was necessary to stabilize the T-FPI. Thus the central
part of the spectrum could not be measured.

Figure 2 shows a schematic representation of the
light-scattering experiment using tandem Fabry-Perot in-
terferometer. A single-mode argon-ion laser (Spectra
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FIG. 2. Schematic representation of the experimental setup
of the light-scattering experiment using the Tandem Fabry-
Perot interferometer (T-FPI).

Physics, model 2020), A, =514.5 nm with a typical power
of 200 mW at the sample, was used as a monochromatic
light source. The measurements with the C-FPI were
performed using the second harmonic of a cw Nd-YAG
(where YAG denotes yttrium aluminum garnet) laser
(ADLAS, model 425) at a wavelength of 532 nm. This
laser has a line which is narrower ((1 MHz) and more
stable in frequency compared to the argon-ion laser.
Again a typical power of 200 mW at the sample was
achieved. The same Nd-YAG laser was used for the PCS
measurements.

In the Raman experiment a krypton-ion laser (Spectra
Physics), A, =647 nm, and a typical power of 200 mW at
the sample was used. The difference in the scattering vec-
tor ~q~ =q =(4mn/A, )sin(e/2) (n is the index of refrac-
tion, A, is the wavelength of incident light) due to the
different wavelengths used in the experiments, is not ex-
pected to have an influence on the general structure of
the scattering curves in VH geometry. This was shown
for the case of Salol [10] and CKN [11],where no depen-
dence on q was found. Only the transverse phonons
display a strong q dependence of their spectral features,
but they are not being looked at in the following MCT
analysis. Gian prisms (Halle, Berlin) with an extinction
coefBcient better than 10 and Gian-Thompson prisms
(Halle) with extinction coefficient better than 10 were
used as polarizers and analyzers, respectively. The tem-
perature of the sample was maintained by means of a cry-
ostat (Oxford, model CF1204) in the case of the Raman
and PCS experiment and by a specially constructed cryo-
stat in the case of the FPI measurements. The sample
temperature was kept constant to within +0. 1 K using an
Oxford ITC4 temperature controller and was measured
with calibrated therrnocouples mounted close to the sam-
ple.

A schematic diagram of the FPI experiment is depicted
in Fig. 2. The incident light is focused by a lens into the
scattering volume inside of the sample. A Gian prism be-
tween the lens and the cryostat selects only the vertical
component of the incident light. The horizontally polar-
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ized scattered light ( VH component) at a scattering angle

8, in our case always 90', is selected by means of a Gian
Thompson polarizer. A lens leads the divergent scattered
light as a parallel bundle onto the FPI plates. After pass-
ing through the FPI the light is detected by a photomulti-
plier (PM, Thorn EMI, model 9893b/100-S) and the spec-
trum is accumulated in a multichannel analyzer (MCA).
For further analysis the spectra are transferred to a com-
puter.

Each section of the experimental DRB spectrum con-
sisted of 600 points. In the combined spectrum the total
number of points amounted to about 1000 due to the
matching procedures. To match the overlap regions of
the spectra of different FSR it was necessary to multiply
the intensity at a given temperature with a constant. A11

spectra were matched to those of a FSR of 50 GHz. The
spectra at this FSR were taken with great care for repro-
ducibility. Since the external noise and the dark count of
the photomultipliers used play no role in our spectra, an
additive constant had not to be used in the matching pro-
cedure, leading to a greater reliability of the form of the
compound spectra. The Stokes and anti-Stokes sides of
the spectra agreed in intensity within the experimental
error. Since in the following analysis only the positive
frequencies are used, an average over the two sides was
taken.

The spectra from the C-FPI were first corrected for the
instrumental function. Up to four Lorentzians as central
lines were convoluted with the instrumental function to
describe the spectrum in as model independent a way as
possible. A higher number of Lorentzians were found not
to change the result. In this procedure two neighboring
orders were taken into account on each side of the spec-
trum to remove overlap effects. This superposition of
lines was then used in the matching procedure.

The experimentally available frequency range can be
additionally extended by combining the DRB spectra
with spectra covering a frequency range of 10 to 10
Hz obtained by transforming the depolarized correlation
functions measured by means of photon correlation spec-
troscopy. A direct Fourier transform of the measured
correlation functions did not result in satisfactory spec-
tra, because the cutoff effects caused a substantial distor-
tion of the high-frequency part of the spectrum. This
high-frequency tail is, however, necessary to match these
spectra to the measured DRB spectra. We have found
that another procedure of transforming the correlation
functions results in much better spectra: (i) a correlation
function covering a broad time range from 50 ns to 100 s
is fitted with CONTIN [16] in order to obtain a distribution
function of relaxation rates, and (ii) this distribution func-
tion was then used to simulate a spectrum in a corre-
sponding frequency range. This transformation pro-
cedure was tested on simulated data with different noise
levels. The transformations time-frequency-time resulted
in final correlation functions practically identical to the
initial ones. This procedure was used at low tempera-
tures T & T & T, where the a process is out of the exper-
imental frequency range of the FPI but can be easily mea-
sured by means of PCS and where the measurements with
the C-FPI provided the minimum in the susceptibility

spectrum. The slope on the high-frequency side of the
PCS spectra matched the slope of the C-FPI spectra on
their low-frequency side of the minimum within experi-
mental error. A vertical shift introducing an amplitude
factor for the PCS spectra was suScient to match the
spectra. Nevertheless over about one order of magnitude
an extrapolation of the PCS spectra was necessary to
bridge the gap between FPI and PCS range.

RESULTS AND DISCUSSION

The composite DRB spectra measured in the tempera-
ture range from 250 to 440 K are shown in Fig. 3. From
the DRB spectra I(co} (Fig. 3), the susceptibility spectra
y"(c0) (Fig. 4) were calculated as

I (co)

[n(co)+1] '

where the Bose factor can be expressed as

n (co)+1 ~ T

(12)

(13)
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FIG. 3. Combined depolarized-light-scattering spectra in a
double logarithmic plot. From bottom to top the temperatures
are 250, 260, 270, 280, 285, 290, 295, 300, 305, 310, 315, 320,
340, 360, 380, 400, 420, and 440 K.

The intensity and susceptibility spectra obtained for OTP
in this work are qualitatively similar to the corresponding
spectra measured previously for Salol [10], however, a
broader frequency range was covered in our experiment
and we performed the measurement at a scattering angle
of 90' instead of in a backscattering geometry as in [10]
(no q dependence for these spectra is expected}.

As shown in Fig. 3, the DRB spectra, besides the ex-
pected relaxation processes, contain two additional
features: (i) a transverse phonon peak at a few GHz with
intensity decreasing with decreasing temperature, and (ii)
a broad boson peak at about 400 GHz. The transverse
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increasing temperature below T, (corresponding to a ~&
getting longer). A "knee" (the scaling frequency) should
appear in the susceptibility curves, marking the transition
from a slope of one to a slope with the value of a. The
position of this knee should move with temperature in
the manner described above. Although in some of the
data measured below T, a "knee"-like shape appears, it
does not have all the features predicted by the MCT.
This, in part, may be due to the fact that part of the fre-
quency range where the knee should appear is substan-
tially distorted by the boson peak whose contribution is
increasing with decreasing temperature. Similar prob-
lems were reported previously for Salol [10].

10

250 K
TESTING THE SCALING LAWS OF THE MCT

P relaxation

4 6 8 10 12

log)o l~/2z. (Hz)]

FIG. 4. Susceptibility y"(co) of OTP obtained from the spec-
tra in Fig. 3 using Eq. (12).

phonon peak can be easily removed from the spectra
since it distorts only a narrow frequency range. The bo-
son peak, however, is very broad and its position and in-
tensity depend on temperature [17]. So it is not possible
to remove it by simple subtraction of low-temperature
data as is usually done in the QENS experiments. The
properties of the transverse phonon and the boson peaks
will be discussed in a separate paper [17]. For this reason
all the DRB spectra in this work were analyzed only up
to about 400 GHz, in a similar way as was done for Salol
[10].

The DRB spectra (Fig. 3) and corresponding suscepti-
bility spectra (Fig. 4) exhibit some of the features predict-
ed by the MCT: At the highest temperatures the main a
peak extends almost to the microscopic frequency in the
THz range. With decreasing temperature the a peak is
shifted to lower frequencies and a distinct minimum ap-
pears in the susceptibility spectra. With temperature ap-
proaching T, the position of the minimum is shifted to
lower frequencies.

At T, the a peak and the minimum do not disappear,
as predicted by the idealized version of the MCT. This is
explained in the extended MCT by the additional contri-
bution of the so-called activated hopping processes [12].
At temperatures below T, the susceptibility spectra still
show the a peak and the minimum which eventually
move out of the frequency window of the FPI experiment
and can be measured by means of PCS. The boson peak
is increasing in intensity and shifting to higher frequen-
cies with decreasing temperature in our temperature win-
dow above T, while the positions of peaks at even higher
frequencies (i.e., optical modes) remain practically un-
changed.

The most counterintuitive prediction of the MCT is a
decrease of the scaling frequency of the P relaxation with

[g"(m) ]= (g";„)+A [log&o(m) —log to(~m/n) ]

+~ [logio(~) —logio(~. ;.) 1'

+C [log io(~) —logio(~;. ) 1' . (14)

The rescaled susceptibility plot of y"(co)/y";„versus
co/co;„using the values of g";„and co;„obtained from
the polynomial fit is shown in Fig. 6.

(ii) Each susceptibility spectrum was independently
fitted with Eq. (3). These two fits resulted in practically
identical values of co;„and y";„for each spectrum. The
exponents a and b are changing with temperature (Table
I), i.e., the data cannot be described by a master curve as
predicted by the idealized MCT. Above T, the suscepti-

10-
300 K

295 K

290 K

10
~ ~ ~ ~ ~ ~ ~ I

&0' 10 1011

o) I 2x (Hz)

FIG. 5. Fit to the minimum in the susceptibilities above T,
using a polynomial [Eq. (14)].

For temperatures above T, the MCT predicts that in
the vicinity of the minimum the susceptibility spectrum
can be expressed by Eq. (3) with the constraints given by
Eqs. (4)—(6). In our analysis the position co;„and the
amplitude y";„at the minimum were obtained in the fol-
lowing ways.

(i) The susceptibility spectra were fitted with a polyno-
mial in the temperature range from 290 to 380 K (Fig. 5).
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TABLE I. Resulting fit parameters for the polynomial, MCT free fit, and MCT forced fit to the minimum region in y" (co).

Polynomial fit Free MCT fit with interpolation formula
MCT fit, A, =0.70
a =0.33;b =0.65

T (K)

290
295
300
305
310
315
320
340
360
380

X";„(a.u. )

2.10
2.53
3.26
4.29
4.91
5.42
6.48
8.23
9.93

11.33

co;„(GHz)

6.71
12.04
13.93
30.69
42.13
56.22
68.31

135.32
214.94
281.04

y";„ (a.u. )

2.00
2.42
3.23
4.28
4.88
5.41
6.64
8.31
9.98

11.37

6.74
14.16
14.62
31.63
40.18
53.11
61.16

132.60
214.30
237.50

0.68
0.58
0.49
0.55
0.43
0.42
0.33
0.40
0.26
0.53

0.21
0.37
0.45
0.41
0.57
0.56
0.62
0.56
0.74
0.60

y";„(a.u.)

1.83
2.37
3.21
4.45
5.00
5.54
6.74
8.32
9.86

11.30

co;„(GHz)

5.34
9.54

11.56
23.73
35.66
49.92
64.34

124.60
253.80
344.10

bility spectra are getting steeper with increasing tempera-
ture.

We note that the scaling behavior predicted by ideal-
ized MCT should produce temperature-independent
values of a and b. However, in the extended MCT, since
the trajectory followed in the (cr, 5) parameter plane
crosses successive scaling curves as T is lowered, scaling
only holds approximately [12].

Finally, Eq. (3) was fitted to all the data with identical
values of the exponents a and b for all temperatures be-
tween 290 and 380 K. The values of a and b were fixed at
a =0.33,b =0.65, which results in A, =0.70 obtained
from a free fit at high temperature (320 K). The fit is also
reasonable (Fig. 7), however, as one can see in Table I,
the positions co;„obtained from this MCT forced fit are
different from those obtained from the free fit, i.e., the
values of co;„are shifted to lower frequencies. This
difference is increasing with decreasing temperature. Us-
ing the values of y";„, co;„obtained from the MCT
forced fit with fixed a and b one can construct a master
plot which is reasonably well described by a master curve
in a limited frequency range (Fig. 8).

The temperature dependence of co;„and y";„obtained
from the MCT forced fit is shown in Fig. 9. According to
the predictions of the MCT (c0,„) ' and (g";„) are linear
functions of temperature. The extrapolated values of the
temperature T, are 287 K (from co;„) and 292 K (from
y";„) and are identical within experimental error. This
value of T, is in good agreement with a previously re-
ported value of 290 K obtained from the quasielastic neu-
tron scattering experiment [4].

Below T, the MCT predicts that the slope of the sus-
ceptibility in a double logarithmic plot should change
from 1 to a in the vicinity of co (see Fig. 1). To see how
far one can describe those low-temperature data with a
common master function we have computed the deriva-
tives of the spectra and of the master function (see Fig. 1)
for A, =0.70. To get rid of the infiuence of noise in the
spectra we first parametrized the spectra with a polyno-
mial, which was describing the finer details of the spectra
(knees).

As one can see in Fig. 10, none of the derivatives, even
for a small frequency range, is identical in shape with the

290 Kil

3-
300 K

295 K

290 K

0.01

.8 ~ I K~

"Ill

~ ~ ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I

0.1 1 10 100

I

10

logio [~/2vr (Hz)]
Gl/CO

FIG. 6. Rescaled susceptibility plots of y"(ar)/y";„vs co/co;„
using co;„and y";„obtained from the polynomial fit. The bro-
ken line is a master curve corresponding to A, =0.70.

FIG. 7. Fit to the minimum in the susceptibilities above T,
using the interpolation formula [Eq. (3)] and fixed a =0.33 and
b =0.65 parameters (fulfilling the A, constrain, A, =0.70) ob-
tained from a fit to T =320 K data.
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250 K

260 K

Oo- 270K

280 K

-0.5- 285 K

logio ( /, „)

FIG. 8. Rescaled susceptibility plots of y"(co)/g";„vs co/co;„
using co;„and y";„obtained from the forced fit with the inter-

polation formula {Fig.5). The dashed line is a master curve cor-
responding to A, =0.70.

logio [~/'&~ (Hz)j

FIG. 10. Derivatives of the logarithm of the susceptibility
with respect to the logarithm of the frequency. The broken line
is this derivative of the master function below T, .

derivative of the master function, thus no fit of the master
function to the data is possible at T (T, .

A closer look at the susceptibility in this frequency
range reveals a "knee"-like structure at temperatures of
250 and 260 K resembling the master function. In Fig.
11 a master function at those two temperatures was Gtted
to the data in a narrow frequency range. With this pro-
cedure as much overlap as possible between master func-
tion and spectra was obtained. At higher temperatures of
270, 280, and 285 K no "knee" can be seen.

At low frequencies the spectra lie above the master
function. This behavior might be explained by the pres-
ence of a minimum between the n relaxation or the hop-
ping process discussed in the extended MCT, and the bo-
son peak/microscopic excitations. At high frequencies
the master curve deviates from the data close to the ap-
pearance of the boson peak which is not included in the
MCT.

The temperature dependence of the values of co and

y" obtained in this way is shown in Figs. 12(a) and 12(b).
As one can see, the r& =1/co is diverging at T, in quali-

tative agreement with the MCT prediction [Eq. (8)] (re-

sults, however, in a different T, -=278 K) while g" is

changing at random in contradiction to Eq. (7).
The absolute values of rp = 1/co are much larger than

the corresponding values of r& =1/co;„above T, at the
same distance from T, so Eq. (8) is not fulfilled.

In order to obtain ~p symmetrically diverging on both
sides of T, as reported previously [10,11] one would have

to shift the corresponding master curves to much higher
frequencies, Figs. 13, 14. The fit is much worse than the
one in Fig. 11 and it was obtained in the following way:
(i) r& values were generated as a mirror reAection of v&

values symmetrically to the axis T=T, =290 K, Fig.
14(a). (ii) The master curves were shifted horizontally
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FIG. 9. Temperature dependence of {co;„)' and (g";„) for
T & T, . The linear fits result in T, =287 K and T, =292 K, re-
spectively. For the low temperatures (T (T;) a fit to {~ )

'
leads to a T, of 278 K.

log io [~/'27r (Hz},
'

FIG. 11. Susceptibility at 250, 260, 270, 280, and 285 K in a
limited frequency range. The solid lines represent the MCT
master functions.
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FIG. 13. Another fit of the master curves to the experimental
data for T &T,.

and the "knee" was positioned at the frequency
ro = I /r& (Fig. 13). The master curves were shifted vert-

ically in order to obtain an overlap region between the
data and the master curves. In this way the values of y"
were obtained, which fulfill the predictions of the MCT
[Eq. (7)] quite well, Fig. 14(b). Comparing these two fits

(Figs. 11, 13) one can see that the fit in Fig. 11 is much
better, however, the scaling behavior of r& and g" is

much worse (Fig. 12) than for the corresponding values
of the forced fit shown in Fig. 14. Thus one can conclude
that in the case of OTP it is not possible to fit the master
curve to the data at T & T, using any reasonable objec-
tive criteria. It is, however, possible to perform a biased
analysis by forced fitting of the predictions of the MCT.

This biased analysis is possible due to the generally ob-
served feature of the data, i.e., that the slope of
logto[g"(ro)] versus logttt(ro) is decreasing with increasing
temperature in the frequency range between the
minimum and the microscopic frequency.

8-
0

4-

0
250 260 270 280 290

temperature (K)

FIG. 14. Plot of generated ~~ and experimental r& values(a),
and corresponding y" values (b) obtained from the St of Fig.
13 ( T & T, ) and from Fig. 9 ( T )T, ).

The a process

High-temperature susceptibility spectra in which the a
process appears as a well-developed peak are shown in
Fig. 15. The g"(c0) spectra, in the frequency range corre-
sponding to the a process, have a slope of 1 for co & c0

and are getting broader with increasing temperature for
c0)co,„. Based on a previous analysis of OTP spectra
[1] we could attribute this unusual behavior to the fact
that with increasing temperature the a peak is approach-
ing the fast process at about 30 6Hz [1]which has a con-
stant position and intensity proportional to (T —Tu),
where Tu is the (Vogel) ideal glass transition temperature.
Alternatively, using the MCT picture, the a peak is ap-
proaching the MCT p relaxation which occurs even
closer to the u peak and its intensity is also increasing
with increasing temperature.

Thus with increasing temperature above T, the fit of
the a peak becomes ambiguous because of the overlap of
the a and P relaxations on the high-frequency side of the
peak. A direct fit of the KWW function to the entire
Peak results in aPParent Pt~ww which is decreasing with
increasing temperature. If we 5t the spectrum, in an al-
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1000 KrT

FIG. 17. Activation plot of OTP: 0, fast process from [1];
o, a process obtained from FPI experiment [1]; and 0, a pro-
cess obtained from PCS experiment [1]. The lines represent a
MCT (solid) and an Arrhenius (broken) fit to the high-

temperature data.

ternative approach, as a sum of the a process (KWW)
and a fast process (Lorentzian) [1] we obtain the PKww
increasing to about 1 with increasing temperature (Fig.
16), in agreement with the configurational-space percola-
tion theory [18]. The PKww at temperatures below 275 K
were obtained from a direct 6t to the KWW function to
the depolarized correlation function measured by means
of PCS.

Above T, the temperature dependence of the position
of the maximum of the a peak which corresponds to the
relaxation time of the a process ~ can be equally well de-

scribed by the MCT, Eq. (10) and an Arrhenius depen-
dence, Fig. 17. Only in a narrow temperature range close
to T, does the MCT formula better describe the data.
The MCT predicts that (ru, „)' r should be a linear func-

tion of temperature, Eq. (10). In Fig. 18 (co,„)' r and

(ro;„) ' are plotted versus temperature using the parame-
ters obtained from the MCT forced 6t to the susceptibili-
ties: a =0.33,b =0.65, and y=2. 25. Both quantities ex-
hibit a linear temperature dependence and extrapolate to
zero at the same temperature T, =288 K as predicted by
the MCT.

According to the predictions of the MCT log&o(g";„)
and logto(co;„) should be linear functions of log, o(co,„)
with slopes of 1/(2y) and 1/(2ay), respectively. This
linear dependence is fulfilled reasonably well, Fig. 19.
The obtained slopes amount to 0.238 [predicted:
1/(2y) =0.222] and 0.699 [predicted: 1/(2ay) =0.673],
in good agreement with theoretically predicted values.

According to Eqs. (7) and (8) logic(ym;„) should be a
linear function of log&o(co;„) with a slope of a. Such a

plot is shown in Fig. 20. The dependence is linear but the
slope amounts to 0.495 and is much higher than the pre-
dicted one: a =0.33. Similar disagreement with this pre-
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FIG. 16. Temperature dependence of the PK~~ parameter of
the KW% function fitted to the a relaxation in the PCS and
FPI data.
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FIG. 18. Temperature dependence of (co;„}' and (co,„)'
The values are obtained from the MCT forced fit to the data.
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diction of the idealized MCT was also observed for Salol
[10] and CKN [11] but was explained in an "extended
MCT" analysis [12].

In order to check how unique the features of the sus-
ceptibility predicted by the MCT are, we have, alterna-
tively, fitted our experimental data with a phenomenolog-
ical model: a peak (KWW function with temperature-
dependent width) + fast process (Lorentzian) + boson
peak + microscopic excitations at even higher frequen-
cies than the bosan peak [19].

In Fig. 21 such a fit to the susceptibility measured at
400 K is shown. As one can see, the entire susceptibility
covering more than four decades in frequency is fitted
very well with this model. Such a procedure was used
previously [1] by us to fit DRB spectra of OTP in the
temperature range from Ts to Ts+200 K. The fast pro-
cess obtained in this way has intensity decreasing to zero
at To and a practically temperature-independent relaxa-
tion time of about 1 ps in contrast to the scaling time of
the MCT P relaxation which diverges on both sides of T, .

1.2
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0.8
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0
0.2-

log&& [~/2z (Hz)]

FIG. 20. Double logarithmic plot of y";„vs co;„. The solid
lines represent a linear regression to the data and the dashed
line corresponds to the expected slope of a =0.33.

FIG. 21. Susceptibility y"(co) of OTP at 400 K fitted with a
superposition of Lorentzians for the a ( ———) and fast pro-
cess (—-) and two further Lorentzians ( —-—-—and —--—
———) to take care of the contribution of microscopic excita-
tions at high frequencies.

CONCLUSIONS

We have applied the idealized mode-coupling theory to
analyze the susceptibility spectra of OTP covering 11 de-
cades in frequency measured by a combination of
depolarized-light-scattering techniques.

The MCT predicts that a plot of rescaled susceptibili-
ties, y"(co)/g";„versus ro/c0;„at all temperatures above
T, in the P region, should result in a master curve with
two adjacent power laws. In practice such a master curve
can be obtained in a narrow frequency range around the
minimum only if the values of co;, and y";„are obtained
fram a forced fit using the interpolation formula [Eq. (3)]
and fixed values of the exponents a and b. The coordi-
nates of the minimum obtained from this forced fit do not
describe the real minimum of the susceptibility. A free fit
of the interpolation formula to the data results in
temperature-dependent values of exponents a and b in
contrast to the MCT. No master-curve construction is
possible if the experimental values of ro;, and y";„are
used. However, the scaling predictions of the MCT con-
cerning temperature dependence of co „and y";„are well
fulfilled, resulting in T, =290 K in a very good agreement
with previous QENS studies [5].

The temperature dependence of the position of the sus-
ceptibility maximum co,„which corresponds to the a
process is as predicted by the MCT at temperatures
T &T, +20 K. However, an Arrhenius fit is equally
good in most of the temperature range except about
20—30 K above T, . After taking the influence of the fast
process on the high-frequency wing of the a process into
account, the width of the a peak is decreasing with in-
creasing temperature. The a peak and the minimum do
not disappear at T, in contrast to the predictions of the
idealized MCT, consistent with the requirement that ac-
tivated hopping terms must be included to provide a
reasonable description of the low-frequency spectra below
Tc
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Below T, the MCT predicts that, in the P-relaxation
region, the slope of the double logarithmic plot of the
susceptibility should change from 1 (at low frequencies)
to the value of the exponent a (at high frequencies) result-
ing in a "knee" at a frequency to =I/rtt. The most
counterintuitive prediction of the MCT is that the scaling
time ~& should increase with temperatures increasing to-
wards T, . We show that in the case of OTP (which is
similar to Salol [10]) there is no unambiguous way to fit
the master curve to the data in this frequency range.
Therefore it is not possible to obtain unique (unbiased)
values of the scaling time rtt . The data can, however, be
made compatible with the MCT using a biased fit, which
results in the coordinates of the "knee" scaling with tem-
perature according to the predictions to the MCT.

Previously a substantial improvement of the quality of
the fit for CKN and Salol was achieved using the extend-
ed version of the MCT [12]. Such an analysis of our OTP
data is currently underway.

Despite the problems discussed above several open
questions remain concerning the mode-coupling analysis
of depolarized-light-scattering data: (i) is the MCT fully
applicable to the DLS results, (ii) what is the physical na-

ture of the MCT P relaxation, (iii) is the scaling time of
the P relaxation really diverging on both sides of T, or is
it constant as indicated by our previous experiments [1]
and a recent simulation [20], (iv) what transition occurs
at the temperature T, and what is its relation to the
calorimetric glass transition at Ts and the ideal (VFT)
glass transition To, (v) is the MCT at the current stage
the only consistent way to describe the broad frequency
range susceptibilities of glass-forming liquids, and (vi)

since the MCT is based on density fluctuations, is it appli-
cable to depolarized scattering in optically anisotropic
materials, where first-order scattering from orientational
fluctuations may be dominating at low frequencies'

Some of these problems are currently under study in
our laboratory.
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