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Here | reply to the comment of Ngai on my recent publicafidnTanaka, Phys. Rev. B9, 021502(2004)].
Some of my comments made on the coupling model were not accurate. In relation to this, | discuss the
following three fundamental problem@) whether the slow3 mode continues to exist above the melting point
T (i) whether there is a continuity of the slgg'mode and ther one acrosg,, and(iii) whether the slow
B mode can be fully decoupled from tkemode above the glass transition temperaflyel also propose a
method of the analysis of dielectric relaxation data and a key experiment to resolve these important remaining

issues.
DOI: 10.1103/PhysReVvE.70.063502 PACS nuni®er64.70.Pf, 77.22.Gm, 61.43.Fs, 81.05.Kf
As pointed out by Ngai in his commeft] on my paper | agree with Ngai[1] that this difference itself is rather

[2], I was not aware of papef8-5 that described the new conceptual and may not have a practical meaning. However,
interpretation of the slowg (or Johari-Goldstein mode  this problem is related to another important question on the
based on the extended coupling model, even though[Bef. continuity of thea mode and slowB mode acrosS, [9],
was published before the submission of my paper. Thus Which is, in practice, more important. Resolving this issue
made comments in my papg] on the old interpretatiof6] experimentally is also quite difficult. Instead of considering
without knowing the new one. On the references in my pathe above rather conceptual problem, we consider this more
per, | should also have quoted the papers by Olsen and othemsalistic problem and propose a way to solve it. This might
[7,8], which first suggested that the excess wing is due to ampen up a possibility to answer the above naive, conceptual
underlying slowg process. problem. For polymers, there are some detailed analyses that
On the issue of whether the slo@ mode continues to focus on this naive problem; they seem to support the conti-
exist above the so-callet, (or the melting poinf,,,), | agree  nuity between thexr mode abovel, (called “a mode”) and
that this is, in practice, very difficult to solve experimentally. the slow 8 one [9,10. However, this conclusion might be
In relation to this, | explain the similarities and the differ- affected by the way of the analysis of the overlapped stow
ences between the coupling model and our model. In thand « modes(see Ref[11] and the discussion belgwOn
coupling model, the sloy8 mode merges to the relaxation  the other hand, for spherical particles, which is the case for
with an increase in the temperature and becomes indistireolloidal suspensions and computer simulations, there is no
guishable from ther mode abovel, since the coupling pa- slow 8 mode and thus there is clear continuity of taenode
rametem becomes small there, as explained in Ngai's com-acrossT,. | expect that this basic feature should not be al-
ment[1]. In this model the slow3 mode is the independent tered by the introduction of anisotropy into the particle shape
or primitive relaxation, which is the main relaxation process(see below.
aboveT,. Note that abovd , no cooperativity is involved in This problem of the continuity of the two modes may be
the structural relaxation. Thus, the slg8vmode is the con- solved by focusing on the fact that tlaerelaxation involves
tinuation of the primitive relaxation. In our model, on the two types of motion: structural relaxatigescape motion of
other hand, the sloy@ mode should be absent abovgsince  molecules from their caggsand full rotational relaxation
the dynamic heterogeneityor the existence of solidlike (their full rotation upon the escaperhus, thea relaxation
metastable islanglds prerequisite for the existence of the can be measured by measuring either the decay of the corre-
slow B8 mode[2]. It is the highly restricted orientational vi- lation of density fluctuationge.g., polarized light and neu-
brational motion, which exists only in solidlike metastable tron scattering experimenter the rotational relaxatiote.g.,
islands. Thus, our model suggests tf@tthe « mode keeps depolarized light scattering and dielectric relaxation experi-
the continuity acros§, although it changes the character menty. When we measure the temporal correlation of den-
from the independent to the cooperative one arolindut  sity fluctuations, there is no effect of the siggmode; in this
(b) the slowB mode emerges only beloW,. In our model, case, thex relaxation follows the fasB relaxation instead of
the rotational vibrational motion of molecules in metastablethe slowpg relaxation. This tells us that therelaxation itself
islands is followed by full rotation. This scenario of the two- should be continuous acro$g and not affected by the emer-
step sequential rotational relaxation is consistent with theyence of the slow3 mode. The temperature dependence of
extended coupling moddB-5]. Thus, the two models are the viscosity » also supports this fact. When we directly
similar in the sense that both suggest that cooperativity isneasure the rotational relaxation by using dielectric spec-
necessary for the decoupling between the spwode and troscopy or depolarized light scattering, however, bothdhe
the a one. The difference between the two models stema&nd slowB modes can be seen in the spectra belpwThis
from whether the slow8 mode exists abové, or not. is simply because both modes possess rotational character
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(full rotation in the « relaxation and rotational vibration in 1 N

the slowg relaxatior). Thus, the total relaxational spectrum dt) ==, $\(t), (4)
consists of the contributions from the two modes. The over- Ni=1

lapping between the two modes makes the analysis quite

difficult when the two modes are not well separated in thewhereN is the number of metastable islands per unit volume.
frequency(or time) domain. However, the above fact indi- To reveal the detail characteristics of the relaxation such as
cates that there is a way to reduce the ambiguity cominghe correlation between the broadness of the sBvelax-
from the overlapping of the two modes. | propose the fol-ation and that of ther relaxation, further theoretical studies
lowing procedure. By assuming the continuity of there-  are highly desirable along this line.

laxation timer,, we can extrapolate, across the crossover  Finally, the issue of whether the slg&vmode can be fully
region by using a smooth function such as the Vogel-Fulchedlecoupled from ther mode or not is also difficult to settle,
relation. Alternatively, we can use the datapbr those of as suggested by Ngai in his comment, because of the prob-
7, obtained from the density correlation function. Similarly, lem of resolving the sloys mode from the nearbw mode

we can also estimate the stretching paramgigr1-n) in near the crossover temperaturg,ss (see also abovye This

the crossover region. In this way, we can obtain the smootfsue may be rephrased as whether the crossover temperature
temperature dependencesmfand Bk across the crossover Tcrossbetween the coupled and the decoupled redizhean
region. By using these, and B¢, we can then estimatgq; exist separately from th_e glass transmc_)n temperalyréor

and the relaxational strength of each mode. | believe that thaboveTy) or not. According to the coupling model, the slow
reduction of the number of the fitting parameters increase# relaxation timerg,,z and the primitive relaxation time,

the physical reliability of the fitting significantly compared to are related to ther relaxation time as

the usual fitting method. Thus, | expect that the continuity

problem may be solved by this procedure. | also suggest that Teiows = To= (t)"(7)* ™", (5)
simulations of a liquid made of anisotropic particlgk?]
may be useful for solving this issue. wheret, is the crossover timé~2x 10712 s) [1]. Thus, there

Here we should note that whether the contributions of th%houkj not be any Sharp Change in the temperature depen_
a and slow g relaxations are convoluted or added still re- gence Of 50w Provided that there is no sharp change in the
mains a key questiogsee, e.g, Ref11] ). William and Watts  temperature dependencerobetweerl, andTy. Thus, 7qjous
[13] considered that the sloy motion is the restricted mo- should exhibit the non-Arrhenius behavior abdig reflect-
tions in a fixed environment, which allow a partial relax- ing the Vogel-Fulcher behavior of,. Indeed, such behavior
ation, and this environment is broken by therelaxation. s gbserved in some glass formé#s15). On the other hand,
This is basically the same as our picture if we regard the;yr model suggests that the siggvmode should exhibit the
fixed environment as a metastable island. For this case, thgossover from the non-Arrhenius behavior in the coupled
whole relaxation function is given by regime to the Arrhenius one in the decoupled regime at
= +(1 - Teross If Teross IS located abovel,, we should see such a
0= dol0)lfa* (1= L) (0] _ @) crossover abov@y. FOr Tess< Tg,gon the other hand, there
where ¢,(t) and ¢g(t) correspond to the normalized relax- s no practical difference in the two models. Here | point out
ation function of thea and slow processes, respectively, that some data analyses seem to support the existence of
andf,, is the fraction of thex relaxation. This is called “con- T . aboveT,, or the Arrhenius behavior even abotg for
volution ansatz.” Only when the: and slow modes are  supercooled liquidgsee, e.g., Ref§11,16—21) and also for
well separated, the relaxation function is approximated by plastic crystal§22]. In relation to this issue, it is worth men-
A1) = foba(®) + (1 =) py(t). ) tioning that it was suggeste{d,2_3,2£} that th_e sI_ow,B pe_ak
frequency even decreasgsry increasep with increasing
This is called “addition ansatz.” The detailed comparison oftemperature abov@, for tripropylene glycol and sorbitol.
these two ansatz were made by Goénedzal. [11]. They  Thus, the situation is unfortunately not clear at all, for ex-
concluded that the convolution ansatz is physically more reaample, for sorbitol[25]. To settle this difficult issue, we
sonable. The convolution ansatz was also supported by ghould carefully check) whether the slow8 mode analyzed
free-energy landscape modéH]. Our picture also supports in these papers is a genuine sl@wmode or not and alsi)
the convolution ansatz. However, it also suggests that somghether the analysis of the overlapped spectra in the cross-
modifications due to the dynamic heterogeneity are neceswver region is unambiguous or not. We propose to apply the
sary. In our model, each metastable island has its own lifeabove-mentioned strategy of the fitting to this problem as
time 7, and slowp relaxation time. The former is the origin well. The comparison of the activation energy of the s|@w
of the distribution of the structural relaxation tinie,); that ~ mode betweeiT,qss and Ty with that of thea mode above
is, the dynamic heterogeneity. The degree of coupling beT, is also useful. Further careful studies on this problem are
tween the slow3 and « mode is also different among meta- highly desirable. From this respect, | suggest that a very
stable islands. This situation may be approximated by introfragile liquid with largeR, (see Ref[2] on its definition and
ducing the relaxation function for each metastable isiaasl  Ref.[15] on its effecj may be suitable for checking whether

i(+) = i i i i Teross €an in principle exist abové, or not. This is because
¢ = da(0lf,+ (1 f“)¢5(t)]' &) for a more fragile liquid with largeR;, 7, can more easily
The whole relaxation function is then expressed as become much longer than,,; even neai, [2].

063502-2



COMMENTS PHYSICAL REVIEW E 70, 063502(2004)

As suggested by Ngai, there is no firm experimental evi-settle in a clear manner, they certainly deserve further inves-
dence to draw any reliable conclusion on the issues digation since the resolutions of these issues should contrib-
present. Thus, my statements, which were made on the coute to our deeper understanding of the origin and nature of
pling model in relation to the above issues in my pa#r the slowB mode. In particular, further experimental studies
were not accurate. Although these issues are quite difficult tof the slow process abovéy are highly desirable.
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