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Comment on ‘‘Merging of the a and b relaxations in polybutadiene:
A neutron spin echo and dielectric study’’

E. Donth, K. Schro¨ter, and S. Kahle
Fachbereich Physik, Universita¨t Halle, D-06099 Halle (Saale), Germany
~Received 19 December 1996; revised manuscript received 3 April 1998!

The evaluation method of dielectric data based on a Williams product ansatz@A. Arbe, D. Richter, J.
Colmenero, and B. Farago, Phys. Rev. E54, 3853~1996!# is not suited to the crossover region of the dynamic
glass transition. This method is insensitive to the shape, position, or even existence of at least one of the
relaxation functions if, in the extrapolation from below to above the crossover region, the two processes cross
or approach one another. Since a crossover region without any particular change in the relaxation mechanism
of these processes can in fact be adjusted by this method, better dielectric data for polybutadiene in the
gigahertz frequency region are needed to determine whether or not there are peculiarities in the dielectric
function. It would be an odd assumption that the many particularities in the crossover region in other instances
are not reflected in the dielectric response.@S1063-651X~99!02607-0#

PACS number~s!: 64.70.Pf, 61.20.2p, 61.12.Ex, 61.41.1e
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I. INTRODUCTION

In the relaxation chart of amorphous polymers, the m
transitiona usually approaches the localb process@1# in the
so-called crossover region. The study of this region by
elastic neutron scattering documented in the paper by A
et al. @2# was completed by dielectric response. In that stu
data evaluation was correlated with the statistical indep
dence ofa and b, similarly to that used for the scatterin
evaluation, and was therefore based on the Williams prod
ansatz@3#.

Working with this ansatz in the crossover region see
dangerous for two reasons.

~i! A product of two correlation functions,w12(t)
5w1(t)w2(t), forces merging to a new correlation functio
above the crossover,wa(t), with the property that the new
correlation timeta corresponds approximately to the shor
correlation time,ta'min$t1,t2%5t1, say. In the extreme ex
trapolation case,t2@t1, the transition region ofw2 is com-
pletely quenched byw1'0 for t1!t't2, whatever the
shape ofw2 may be. This insensitivity allows, within certai
limits, an arbitrary treatment of the slower relaxationw2
above the crossover, if the experimental data in this~high-
frequency! region are of moderate accuracy.

~ii ! The dielectric study of Arbeet al. @2# further shows
that an extrapolation of both processes from below the cr
over, where they are well separated, to above the crossov
possible without any particularity in this region, name
without qualitative changes in the relaxation processes. T
also seems dangerous since, as a rule, many particula
are observed there; cf. the recent review of Sokolov@4#. An
alternative evaluation of dielectric data@5# would also show
particularities.

The paper is organized as follows. In Sec. II, the dielec
evaluation method of Arbeet al. is briefly recapitulated. In
Sec. III our starting point is described in more detail. Sect
IV is a brief discussion of the two conflicting points of view
We do not comment on the neutron scattering study
Arbe’s paper, which is actually pioneering work.
PRE 601063-651X/99/60~1!/1099~4!/$15.00
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II. THE DIELECTRIC MERGING APPROACH
OF ARBE et al.

The evaluation method of Arbeet al. is first based on an
additive formula,

w~ t !5 f awa~ t !1~12 f a!wbeff
~ t !, ~1!

and then fed with a product ansatz@3# from underlyinga and
b processes,

wbeff
~ t !5wa~ t !wb~ t !. ~2!

The relaxation functionsw i(t), i 5a or b are defined by
dielectric compliance,«(t)5D«w(t). Both relaxation func-
tions,wa(t) andwb(t), correspond, via the fluctuation diss
pation theorem~FDT!, to autocorrelation functions of polar
ization fluctuations ~dipole-dipole correlation!, with the
general property uw i(t)u<w i(0)51, t>0. The relative
strength factor for thea process,f a , 0< f a<1, is inter-
preted as the relative fraction of the polarization relaxedonly
by thea relaxation, i.e., with nob assistance.

A first extrapolation ofa andb5beff of Eq. ~1! without
the use of Eq.~2! @Fig. 1~c!# would result in an intersection
of both a and b traces in the Arrhenius diagram~see their
Fig. 11!. The intersection temperature is called merging te
peratureTM . This intersection is subsequently avoided
the product ansatz Eq.~2! for wbeff

(t), since the product of
two decaying functions always decays faster than each fu
tion of both ~see their Fig. 13!.

Extrapolation @Fig. 1~a!# to above the crossover (T
.TM) needs a definition ofa or b because only one proces
is observed there. This is done byb extrapolations from
low-temperature behavior, wherea andb are well separated
and, therefore, well defined. Arbeet al. used onlyf a @Fig.
1~b!# and the relaxation timetKWW of the a relaxation as
free fit parameters, without considering any particu
change in the relaxation mechanism of these processes.

The main result is an Arrhenius-plot scenario@Fig. 1~a!#
with a remaining gap of about 0.8 frequency decades
1099 ©1999 The American Physical Society
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tween thea process and a continuous~with b)wbeff
(t) pro-

cess. The strength factorf a tends almost linearly to zero
~indicated by a down arrow↓ in Figs. 1~a! and 1~b!#. Nev-
ertheless, thea trace is continued toT.T↓ .

III. OUR STARTING POINT

We start from the following statements.
~1! Neutron spin echo and dielectric experiments meas

different correlation functions.
~2! Thus, an interpretation of the correlation function

terms of a probability and the concomitant ‘‘product’’ ansa
for statistically independent processes that may work for
density autocorrelation function measured in neutron sca
ing does not imply the same for the dipole-dipole autocor
lation function that is measured in dielectric spectrosco
‘‘It is therefore necessary, in general, to compare the tim
correlation functions obtained from several related exp
ments in order to establish the mechanism of relaxation’’@6#.

~3! Extension of the precisely measurable lo
temperature behavior ofa and b processes to higher tem
peratures is biased in that it assumes that the relaxa
mechanismsa andb do not change their physical nature
the crossover region.

~4! The term ‘‘statistical independence’’ is not givena
priori but must be, according to Kolmogorov@7#, deduced
from the explanations and specifications of such conditi
under which any data of real phenomena can be consid
as statistically independent.

According to the FDT, as mentioned above, the relaxat

FIG. 1. Dielectric merging scenario according to Ref.@2#. ~a!
Traces in the Arrhenius diagram resulting from a phenomenolog
evaluation of dielectric data according to Eqs.~1! and~2!. ~b! Dis-
appearance of the ‘‘onlya ’’ relaxation strengthf a at ↓. ~c! Inter-
section of the formally extrapolated ‘‘underlying’’a andb traces
in the Arrhenius diagram at the merging temperatureTM .
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functionsw(t) are correlation functions. The general cond
tion uw(t)u<w(0)51 does not exclude negativew values
(w,0). Since any probability densityp(x) of a random pro-
cessx(t) must be positive,p(x)>0, in generalw(t) cannot
be interpreted as a~conditional! probability density. The in-
terpretation ofw as a probability, and thus the interpretatio
of the productw1w2 by statistical independence of two pro
cesses,x1(t) andx2(t), needs a model for thex variable that
ensuresw>0. Such models are described in the literature@8#
and will be called ‘‘polarization decay models.’’ In principle
the dipole-dipole autocorrelation functionw stemming from
a vector quantity may behave differently than a dens
density autocorrelation function stemming from a sca
quantity without the possibilities of↓↑ vector compensation
@9#.

Less problematic would be an interpretation of the sp
tral densityG(v) @being a Fourier transform ofw(t)# as a
probability density. SinceG(v)>0 ~Khintchin theorem
@10#!, and since any fluctuation is based on probabiliti
G(v) can always be interpreted as the probability density
the entropy production in ad logv interval atv, with v the
frequency. The Williams product ansatz Eq.~2!, however,
corresponds to a convolution of twoG(v) functions,

w1~ t !w2~ t !⇔G1~v!* G2~v!. ~3!

The spectral interpretation@10# can then be based on asum
of two statistically independent stochastic functions,x(v)
5j1(v)1j2(v), defined here as a function of frequencie
Thus we arrive at a polarization model with two independ
x(v) components. Equation~3! seeks to represent an entrop
production of a sum processx(v) where the polarization can
independently decay by 1 or 2, i.e., byj1 or j2.

The ‘‘splitting’’ ansatz alternatively used in Ref.@5#,

«* 5«a* 1«b* 1••• for T,Ton,

«* 5«a* 1••• for T.Ton, ~4!

whereTon is an onset temperature in the crossover~Fig. 2!,
corresponds to a sum of correlation functions or spectral d

al

FIG. 2. Splitting scenario of Ref.@5#. Thea process has a sepa
rate a onset↓ at Ton; the a high-temperature process is contin
ously connected with the localb process by a crossover bend~b! at
Tb @9#.
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sities, G(v)5G1(v)1G2(v). The entropy production re
sults from either the 1 or the 2 relaxation,w1(t) or w2(t) ~not
from 1 or 2 dipoles!, which are assumed to be statistica
independent. Equation~4! is not biased toward the mutua
arrangement of relaxation traces of an Arrhenius diagr
Formally,weff of the product ansatz~2! corresponds to«b for
T!Ton and to«a for T@Ton. For shear relaxation, the use
additive compliances was addressed by Plazek@11#.

IV. DISCUSSION

At first sight, Figs. 1~a! and 2 seem to be rather simila
The a relaxation intensity tends linearly to zero at onset
the crossover region, and there remains a gap of about
frequency decade betweena and another trace that is a co
tinuation of theb dispersion zone to higher temperature
But the interpretation is different.

In the paper of Arbe et al., the continuous high-
temperature trace is labeledwbeff

. The corresponding distri
bution of relaxation times should ‘‘include the modificatio
of the b relaxation by the presence of thea relaxation.’’
Their conclusion for the merging region is that ‘‘the high
the temperature, the more similar becomes the shape o
distribution function of relaxation times of the effectiveb
relaxation to the shape of the distribution function of rela
ation times of thea relaxation, but shifted in the lnt axis’’
~see their Fig. 15 and the related discussion!. This presents a
puzzling situation in which a high-temperature relaxati
beff is introduced as some kind of a modifiedb relaxation
but realized as being dominated bya-like processes.

Alternatively @5#, the high-temperature process can
considered as a distinct relaxation zonea, with no attempt to
compose it froma and b, by statistical independence. Th
dielectric data of Arbeet al. may also be interpreted in thi
framework. Their finding of a more similar shape~‘‘asym-
metrization’’! of the relaxation functions ofa and a ~their
beff), the disappearance of thea strength factorf a , and the
gap ~‘‘shifted in the lnt axis’’! between both traces in a
Arrhenius diagram underscores the distinction between
three dispersion zones$a,a,b%, also.

This conclusion is supported by heat capacity spect
copy ~HCS!, which indicates@9,12# unambiguously an onse
of entropyfluctuationDS2;DCp;(Ton2T) in the splitting
region in substances where thea onset is in the 10 kHz
frequency region. HCS in poly(n-hexyl methacrylate!
~PnHMA! @13#, where the onset frequency is near the mid
of the HCS frequency window, shows a clear distinction b
tweena anda (b is not calorimetrically active! by a saddle
in the Cp9 contour map, which is not seen in the«9 contour
ev
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map because the dielectricb contribution is large in
PnHMA. This is a new piece in the long list ofqualitative
changes in the crossover region@4#.

The nearly parallel course of thea andbeff traces in the
Arrhenius diagram Fig. 1~a! implies, in the light of the prod-
uct ansatz Eq.~2! for beff and the strong temperature depe
dence off a , a complicated balance between the relaxat
times (ta ,tb) and the shape parameters of the extrapola
wb and wa functions. Such a balance cannot be proved
yet, since the dielectric data are rather uncertain fof
.106 Hz; see Fig. 10 of@2#.

The dielectric merging scenario@Figs. 1~a! and 1~b!# is
hard to grasp with respect to tracing ana relaxation in the
Arrhenius diagram for temperatures higher than the arr
temperature↓ (Ton in Fig. 2! where thef a strength tends to
zero.

It can also be seen from@2# that dielectric and neutron
spin echo spectroscopy~NSE! reflect different facets of the
dynamic glass transition. Two illustrative examples:~i! the
meanb relaxation time from NSE is two decades faster th
from dielectrics; ~ii ! the a relaxation in NSE shows a
stronglyQ-dispersive power law, whereas dielectrics show
after an additive analysis, a normal«9(logv) peak. A third
example follows from the general consideration mention
above. The dielectric relaxation is heavily influenced by m
tual vector compensation of neighbor dipoles. In Ref.@9# it is
shown that the dielectric intensity ofa and «` increases
when n-butylmethacrylate,nBMA, is copolymerized with
the nonpolar styrene. This can only be explained by an i
creasing breakdown of6 dipole compensation in PnBMA
by the styrene monomers. Such a compensation is not
rectly reflected by a density correlation.

As a general strategy, it seems better to use the diffe
responses to find facets of the complex phenomenon of g
transition, and to try afterwards to construct a consistent p
ture of the complex situation from the different facets, th
to treat different responses with the same or similar ar
ments and evaluation methods.

V. CONCLUSION

The method used by Arbeet al. for the evaluation of di-
electric data is not suited for the crossover region of dyna
glass transition.
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