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Experimental evidence by neutron scattering of a crossover from Gaussian
to non-Gaussian behavior in thea relaxation of polyisoprene
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We report incoherent quasielastic neutron scattering experiments exploring thea-relaxation range in poly-
isoprene over an unprecedented range in momentum transferQ. The data corroborate and validate earlier
molecular dynamics simulations and reveal the existence of a crossover from Gaussian to non-Gaussian
character of the main chain protons self-correlation function in thea-relaxation regime. The real challenge of
the experiment was to push the neutron techniques to cover aQ range as wide as possible. By combining two
neutron spin echo spectrometers and a backscattering instrument, we have been able to study the dynamics in
a Q range of 0.1<Q<4.7 Å21. In the low-Q regime the shape of the relaxation function was found to be
related to the dispersion of the relaxation times as predicted by the Gaussian assumption. At short distances or
largeQ, this relationship is strongly violated indicating a non-Gaussian regime. We have performed a detailed
comparison between the experiments and simulations at different temperatures and found, apart from a tem-
perature shift, complete agreement. Combining experiments and simulations led to a consistent interpretation
in terms of a distribution of jumps underlying the diffusive motion of protons in thea process. This model
leads to a time-dependent non-Gaussianity parameter that agrees nearly quantitatively with the simulations and
exhibits all features resolved so far from various simulations.

DOI: 10.1103/PhysRevE.67.051802 PACS number~s!: 61.41.1e, 61.12.Ex, 64.70.Pf
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I. INTRODUCTION

The exploration of the molecular processes underlying
glass transition is still a topic of great theoretical and exp
mental efforts. Atomistic information on the dynamics taki
place in the supercooled liquid state—thea relaxation—can
be obtained by quasielastic neutron scattering. In particu
the direct microscopic observation of the structural rel
ation in glass-forming systems is realized by studying
behavior of the dynamic structure factor at its first ma
mum, which is due to the correlations between the struct
units. In the case of polymer systems, such experiments
carried out with neutron spin echo~NSE! spectroscopy on
fully deuterated samples. Further insight is obtained by in
herent scattering at protonated materials. The incoheren
tensity relates to the self-part of the van Hove correlat
function Gs(rW,t) of the hydrogens in the system.Gs(rW,t) is
the probability to find an atom at timet at a positionrW if it
was at rW50W for t50. Its Fourier transform in the spac
domain, the intermediate scattering functionSsel f(Q,t), can
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be accessed by NSE techniques; finally, the counterpa
the frequency domain, the incoherent scattering funct
Ssel f(Q,v) is accessible by, e.g., time of flight~TOF! or
backscattering~BS! techniques@1#. Here,\Q and\v are the
momentum and energy transfer in the scattering experim
respectively.

The development of computer simulation techniques
facilitated additional insight into this problem, since the tr
jectories of the moving entities in the supercooled liquid
gime can be followed directly in real space. Calculations
observables e.g., mean squared displacements or
Gaussian parameters have become possible. In a recent
@2#, some of us have carried out fully atomistic molecu
dynamics~MD! simulations on a polyisoprene~PI! model at
363 K, i.e., at about 150 K above the experimental gl
transition temperature of this polymer (Tg5210 K). Among
other correlation functions, the intermediate self-correlat
function Ssel f(Q,t) for the main chain protons was calcu
lated. Ssel f(Q,t) displays a two-step decay, the slower
which is associated with thea relaxation. Following the
commonly used experimental evaluation procedure, the s
relaxation step ofSsel f(Q,t) was described in terms of
Kohlrausch-Williams-Watts~KWW! function:

Ssel f~Q,t !5A~Q!expF2S t

tw
D bG . ~1!

Here,b is the stretching parameter describing the sha
of the relaxation function (0,b<1) andtw the relaxation

r-
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time which may depend onQ. A(Q) is a generalized Lamb
Mössbauer-factor~LMF! accounting for the first fast deca
of Ssel f(Q,t),

A~Q!5expS 2
^u2&

3
Q2D , ~2!

where^u2& is the mean squared displacement associate
the fast decay step. In theQ range belowQmax ~the Q value
where the static structure factor shows its first maximum! the
KWW relaxation timetw was found to follow a power law
in Q

tw}Q22/b. ~3!

This power law results from a Gaussian form of both, t
self-part of the van Hove correlation functionGs(r ,t) and its
Fourier transformSsel f(Q,t) @3#. For Q,Qmax, such a
power law relationship has been found experimentally
different polymers~see, e.g.,@3–5#!. For Q.Qmax, strong
deviations from this Gaussian behavior manifest in the sim
lations~see also Ref.@6#!. There, aQ dependence close to th
law tw}Q22 is found. Different possible scenarios for th
crossover from Gaussian to non-Gaussian behavior were
cussed in Ref.@2#, in particular, the mode coupling theor
@7–9# as well as a crossover from homogeneous to hetero
neous dynamics. The second interpretation might allow
rationalize apparently contradictory results from neutr
scattering and relaxation techniques concerning the dyna
cal heterogeneous or homogeneous nature of thea relaxation
~see, e.g., Refs.@5,10#!.

While the simulations clearly demonstrate the crosso
behavior, experimentally the evidence was limited. Certain
whereas the mentioned crossover in theQ dependence found
in the simulations is very encouraging, there was up to d
no experimental evidence for it. Some deviations from E
~3! at high-Q values were reported for poly~vinyl methyl
ether! ~PVME! @11# and polyisobutylene@12#. A first clear
evidence of such a crossover in polyisoprene has been
ported by us in a recent paper@13#. In this extended paper
we explain in detail the experimental effort which has be
necessary to achieve such a result. Moreover, we have
extended the previous MD simulations in PI to a wide te
perature range aboveTg .

For polymers,Qmax usually lies in the range 1.0<Q
<1.5 Å21 ~see, e.g., Refs.@14–19#!. Since standard high
resolution quasielastic neutron scattering experiments t
cally cover aQ rangeQ,2 Å21, the expected crossover
very difficult to access. High-Q values up to 5 Å21 at an
energy resolution of 0.01 meV can be reached by the uni
thermal neutron backscattering spectrometer IN13 at the
stitut Laue-Langevin~ILL ! in Grenoble. Even then, the ex
perimental observation of the crossover found in the simu
tions is not an easy task. From an experimental point of v
there are many difficulties. For instance, the fullQ range
from about 0.2 Å21 to 5 Å21 cannot be covered by on
single spectrometer. Moreover, as a consequence of
strongQ dependence ofSsel f(Q,t), it is very difficult to find
a temperature for which the second relaxation step
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Ssel f(Q,t) is well centered in both, the dynamical range a
the total accessibleQ range of all spectrometers. Finally, th
amplitude of this second step is rather low in the highQ
regime„the prefactorA(Q) @Eq. ~2!# diminishes rapidly with
increasingQ….

In order to achieve a wide coverage of the dynamical
well as theQ range we had to combine different types
instruments, two NSE spectrometers measuring in time an
thermal BS spectrometer measuring in energy. With the N
spectrometers, we have covered the low-Q range 0.1,Q
,1 Å21. Since NSE allows deconvolution of the sign
from the instrumental resolution function by simple divisio
the shape of the decay function@given by the value of theb
parameter in Eq.~1!# can be determined with best accurac
The IN13 BS spectrometer was used in order to extend
investigation towards the high-Q range ~up to almost
5 Å21).

In the simulations the crossover was established for
self-motion of the PI main chain protons. The protons
cated in the methyl groups show additional fast rotatio
@20,21#, and therefore were not considered in the study of
a relaxation. In an analogous way, our experimental inve
gation has been focussed on the incoherent scattering fro
PI sample with deuterated methyl groups~PId3!. Due to the
high value of the incoherent cross section of protons as c
pared to the other cross sections—incoherent as wel
coherent—of the nuclei composing PId3, the scattered in
sities are highly dominated by theH-self-motion contribu-
tion.

The paper is organized as follows. Section II deals w
the experimental aspects, describing the sample, the neu
scattering techniques used, and the quantities studied
them. In Sec. III the obtained results are presented. The c
parison with the simulation results is performed in Sec.
and the results are discussed in Sec. V where we elud
interpretations and implications of the findings. Finally, t
conclusions are summarized.

II. EXPERIMENTAL

A. Sample

The polyisoprene sample was synthesized from isopr
monomers with deuterated methyl groups by anionic po
merization (u@CH2uCHvC(CD3)uCH2#un). The mo-
lecular weight was determined by membrane osmometry
be MN5108.000. Size exclusion chromatography measu
ments yielded a polydispersity ofMW /MN51.03. The mi-
crostructure of the sample consists of 6% 3,4 units, 69%
1,4 units, and 25% trans 1,4 units. Further details on
synthesis and characterization of the sample can be foun
Ref. @19#.

B. Neutron scattering

With exception of the neutron spin echo technique,
inelastic neutron scattering experiment measures the do
differential cross section, i.e., the number of scattered n
2-2
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EXPERIMENTAL EVIDENCE BY NEUTRON SCATTERING . . . PHYSICAL REVIEW E67, 051802 ~2003!
trons in a solid angledV which have experienced a chang
of energy \v. It can be expressed as~see, e.g., Refs
@1,22,23#!:

]2s

]V ]v
}(

a
~binc

a !2Ssel f
a ~Q,v!1(

a,b
bcoh

a bcoh
b Spair

ab ~Q,v!.

~4!

binc
a and bcoh

a(b) refer to the incoherent and coherent sc
tering lengths of the isotopea (b) (a,b:H,D,C, . . . ) and
relate to the interaction neutron with nucleus. Expression~4!
contains two clearly distinguishable contributions: the inc
herent~first term! and the coherent one~second term!. The
incoherent contribution involves the functionSsel f

a (Q,v),
which is the Fourier transform of the self-correlation fun
tion of the positions of a nucleus of typea at different times,
Gs

a(r ,t),

Gs
a~r ,t !5

1

Na
K (

i 51

Na

d„r 2urW i
a~ t !2rW i

a~0!u…L . ~5!

HererW i
a is the position of the atomi of typea andNa the

number of such nuclei in the sample. The brackets den
ensemble average.

For some simple cases—free nuclei in a gas, harmo
crystals, simple diffusion at long times—Gs

a(rW,t) is a Gauss-
ian function@22,23#; in an isotropic system this implies

Gs
Gauss~r ,t !5Fa~ t !

p G3/2

exp@2a~ t !r 2#. ~6!

The calculation of the moments

^r 2n&5E
0

`

r 2nGs~r ,t !4pr 2 dr, ~7!

is then straightforward. For instance, the mean squared
placement of the atom̂r 2(t)& in the Gaussian approximatio
is given by^r 2(t)&53/@2a(t)#. The intermediate scatterin
function then is entirely determined by^r 2(t)&, given by

Ssel f
Gauss~Q,t !5expF2

^r 2~ t !&
6

Q2G . ~8!

In a general case, deviations ofGs
a(r ,t) from the Gauss-

ian form @Eq. ~6!# may be expected. They may be quantifi
in a first approximation by the second-order non-Gauss
parametera2 defined as@24#

a2~ t !5
3

5

^r 4~ t !&

^r 2~ t !&2
21, ~9!

which is, of course, null in the Gaussian case.
In the coherent part,Spair

ab (Q,v) is the Fourier transform
of the pair correlation function of the position of nuclei
typesa andb, Gab(r ,t),
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K (

i 51

Na

(
j 51

Nb

d„r 2urW i
a~ t !2rW j

b~0!u…L .

~10!

These functions are also known as Van Hove correlat
functions. It is straightforward to show that the static limit
the correlation function in Eq.~10! is the radial distribution
function corresponding to isotopesa and b. The Fourier
transform of this function to theQ space is the partial struc
ture factor of the atom pairsa,b.

For the nuclei of our sample, the values of the scatter
lengths arebinc

H 525.274 fm, binc
D 54.04 fm, binc

C 50, bcoh
H

523.7406 fm,bcoh
D 56.671 fm, andbcoh

C 56.6511 fm@25#.
From these values, the relative contributions from the diff
ent nuclei to the total scattering, either containing inform
tion on the self-motion or involving pair correlations with th
same or another isotope, may be calculated. At first glan
due to the high value ofbinc

H as compared to the rest, th
scattering from our PId3 sample will be dominated by t
incoherent contribution corresponding to the self-motion
the hydrogen nuclei in the main chain. The incoherent sc
tering from the three deuterons in the monomer~the carbons
do not scatter incoherently at all! is negligible. The rest of
the scattering comes from the pair correlations. The co
sponding static contributionI coh(Q), the static structure fac
tor measured by neutron scattering for PId3, has been ca
lated from the simulations. It is shown in Fig. 1, togeth
with the static incoherent contribution from the main cha
protonsI inc

H . For this sample, the static coherent contributi
displays a maximum centered at around 1.3 Å21; however,
even in thisQ range its value is much smaller than that
I inc

H ~about 1/3). As can be seen in the figure, the total sc
tering ~dotted line! is slightly modulated by the structur
factor I coh(Q).

FIG. 1. Contributions to the scattering from PId3: incohere
from the main chain protonsI inc

H ~dashed line! and coherentI coh

~solid line! calculated from the simulations. The dotted line displa
the addition of both, and corresponds to the total scattering~inte-
grated over all frequencies! accessible by IN13. The dashed-dotte
line is the result of subtractingI inc/3 from I coh , and gives the echo
amplitude for the NSE measurements.
2-3
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Later, we will refer to earlier results on a fully deuterat
sample PId8@18#. Due to the nearly identical values ofbcoh

D

and bcoh
C the coherent scattering from a fully deuterat

sample reveals the pair correlations of all the atoms in
sample with the same weight. In the static case, we will re
to this coherent contribution as the static structure fac
S(Q). In the investigated temperature range in polyisopre
the value ofQmax signifying the first peak ofS(Q) is close
to 1.3 Å21 @19,26#. We note that at thisQ value also the
static structure factor measured by neutron scattering
PId3 presents its first maximum~see Fig. 1!.

1. IN13 backscattering spectrometer

Using neutrons with small wavelengthl (l'2.23 Å),
the IN13 spectrometer at the ILL allows to access large v
ues of the momentum transferQ @Q54p sin(u/2)/l, with u:
scattering angle#. In order to achieve a high energy resolutio
dE, CaF2(422) crystals are used in exact or near ba
scattering at the analyzers and monochromator, resultin
dE(HWHM)'5 meV, where HWHM stands for half width
at half maximum. The energy of the incident neutrons
scanned by heating or cooling the monochromator at a fi
Bragg angle. The experiments were performed varying
incident neutron energy at 0.3meV/min. An energy transfer
interval of 2130 meV<\v<100 meV was explored.

Seven spherically curved composite crystal analyz
each covering a large solid angle of 0.18 sr~total angular
range: 24.4°,u,155.9°) allow the energy analysis of th
scattered neutrons. These are counted by a multidetecto
ray of 32 3He tubes. An additional small angle region, givin
unreliable count rates, could not be used. TheQ range at
very high-Q values had to be restricted slightly due to co
tamination from aluminum Bragg peaks. The reliableQ
range was limited to 1.2<Q<4.7 Å21. There, the spectra
have been grouped into nine groups which were chosen t
approximately equidistant in the ln(Q) scale. The sample
~thickness: 0.26 mm! was filled in a flat Al container and
placed at 135° with respect to the incident beam. The m
surements were performed at 260 K~measuring time: 2
days!, 280 K ~3 days! and 300 K~2.5 days!. The instrumental
resolution function was determined from the scattering of
sample at 1.5 K. Initial data treatment was carried out c
recting for effects of detector efficiencies, scattering fro
sample container, and instrumental background. Multi
scattering effects were ignored since they become relati
weak in this high-Q range and the transmission of the sam
was quite high~see below!.

2. Neutron spin echo spectrometers

NSE is the neutron scattering technique offering the hi
est energy resolution. For each neutron individually the
ergy transfer in the scattering process is coded into its s
rotation@27#. Applying precession magnetic fields before a
after the scattering event, the polarization of the neutron
pends only on the velocity difference of each neutron in
vidually, irrespective of its initial velocity.

As a singular feature of NSE, it accesses the scatte
functions in the time domain, i.e., the intermediate scatter
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functions. These are the spatially Fourier transforms of
correlation functions in Eqs.~5! and ~10!. NSE measures a
normalized function@27#:

S̃NSE~Q,t !5
I cohS̃pair~Q,t !2 1

3 I incS̃sel f~Q,t !

I coh2
1
3 I inc

, ~11!

whereS̃pair(Q,t) andS̃sel f(Q,t) are the normalized interme
diate pair and self-correlation functions~they are normalized
to their value att50). I coh and I inc denote again the coher
ent and incoherent intensities. The static value of the N
signal is given by the denominator in Eq.~11!. For our PId3
sample, it is shown as the dashed-dotted line in Fig. 1. T
signal at lowQ is dominated by the incoherent scatterin
The NSE experiment then directly measuresS̃sel f(Q,t), re-
lated to the self-motion of the hydrogens in the main cha
The time variable depends on the precession fieldB, the
wavelengthl, and the length of the precession fieldL: t
;BLl3.

In this work, we present results obtained by the two N
instruments: the multidetector NSE instrument IN11C at
ILL in Grenoble and the Ju¨lich NSE spectrometer at th
FRJ-2 reactor in Ju¨lich. At IN11C l55.54 Å was used. The
multidetector at this instrument covers an angular range
30° in the horizontal plane. It was placed at 32°, 65°, a
85° scattering angle for its central detector. Thereby, aQ
range 0.34<Q<1.68 Å21 and a time range 8.4 ps<t
<1.4 ns were explored. Measurements were performed
300 K, 320 K, and 340 K. Typical measuring times were
h. In the 65° and 85° positions also 280 K was investigat
though with poorer statistics. A perpendicular transmiss
of 0.82 was measured for this wavelength. At the Ju¨lich NSE
spectrometer, we usedl58 Å. A time interval of 100 ps
<t<22 ns was covered. With this instrument, we focuss
the study on the low-Q region. In order to observe a mean
ingful decay of the correlation function in the NSE tim
window, a high enough temperature was chosen~340 K!.
FourQ values were investigated: 0.1, 0.15, 0.2, and 0.3 Å21,
using measuring times between 24 and 32 h perQ value. For
each momentum transfer the instrumental resolution func
was determined from the elastic scattering of the sampl
10 K ~IN11C! and from measurements on a carbon pow
sample~Jülich NSE!. The instrumental background from th
cryofour and the Al container was measured separately
eachQ ~with measuring times similar to those for the me
surements on the sample, i.e., 24 h for the Ju¨lich NSE spec-
trometer!. It was thereafter subtracted from the experimen
spectra using the appropriate transmission factors. The b
ground corrected spectra were divided by the resolut
function revealing the normalized intermediate dynam
structure factor.

III. RESULTS

Figure 2 shows some of the spectra obtained by IN13
280 K and differentQ values. As explained in Sec. II B, the
mainly display the incoherent scattering function of the p
tons. The spectra are compared with the instrumental res
2-4
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tion. The spectra display significant broadenings with
creasing Q. The broadened spectra reveal dynami
processes—in this case thea relaxation—with time scales
within the dynamical range of the instrument. Faster mob
ties translate to broader spectra. We also note a dramatic
of the spectral intensity: the ratio between the maxima at
and 4.7 Å21 ~the lowest and the highestQ accessed by
IN13! is around 20. As outlined in Sec. I, the lowering of th
a-relaxation amplitude is caused by faster motional p
cesses. These include the vibrations and the fast dyna
characteristic for glass-forming polymers~boson peak, fas
process, . . . ) which are observed at higher frequencies@28#.
Another signature of these fast dynamics is the presence

FIG. 2. IN13 spectra obtained for PId3 at 280 K and differenQ
values: 1.2 Å21 ~a!, 1.9 Å21 ~b!, 2.9 Å21 ~c!, and 4.7 Å21 ~d!. The
dotted lines show the instrumental resolution function obtained
1.5 K; the solid lines are fits to the Fourier transform of KW
functions (b50.40) plus aQ-dependent flat contribution.
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flat contribution in the spectra which becomes relatively i
portant at highQ @see Figs. 2~c! and 2~d!#.

An increasing broadening is also observed in the spe
at a givenQ value when the temperature increases. For
intermediate value ofQ this is shown in Fig. 3 for the highes
and the lowest temperatures investigated~300 and 260 K!;
the corresponding spectrum at 280 K is displayed in F
2~c!. The dynamical process causing the quasielastic in
sity becomes thus faster with increasing temperature.

A direct observation of the decaying self-correlation fun
tion in the time domain is possible with NSE. For differentQ
values, Figs. 4 and 5 display the temporal evolution of
intermediate incoherent scattering function at 320 K and 3
K, respectively. The high quality of these data is remarkab
However, we emphasize the difficulties of a measuremen
the self-motion by NSE at partially deuterated samples. T
IN11C measurements were extended up toQ51.68 Å21.
Nevertheless, only in theQ rangeQ<1.0 Å21 it was pos-
sible to obtain useful information. Due to partial cancellati
@Eq. ~11!# the NSE amplitude decreases strongly, if the c
herent contribution assumes nonnegligible values. Approa
ing to the Q range whereI coh(Q) shows its first peak
('1.3 Å21) the NSE signal almost vanishes~see Fig. 1!.
The NSE study is thus restricted toQ<1.0 Å21.

As can be seen in Figs. 4 and 5, the spectra decay fa
with increasingQ and temperature. Moreover, from simp
inspection of the curves it becomes clear that the shape o

at

FIG. 3. IN13 spectra obtained for PId3 at 2.9 Å21 at 260 K~a!
and 300 K~b!. Lines as in Fig. 2 (b50.40 for 260 K,b50.50 for
300 K!.
2-5
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decays is much more stretched than a single expone
function ~see the example depicted in Fig. 4!.

The results were analyzed in terms of KWW functio
@Eq. ~1!#, which are well known to describe the relaxatio
function and the decay of the density fluctuations in gla
forming liquids~see, e.g., Ref.@29#!. As backscattering tech
niques measure in the frequency domain, for the IN13 sp
tra the Fourier transform of the KWW function was used

As first ingredient, a KWW analysis requires the determ
nation of the stretching parameterb. Due to the convolution
problems this is hardly feasible on the basis of the BS d

FIG. 4. IN11C results for PId3 at 320 K and differentQ values:
0.45, 0.60, 0.74, and 0.88 Å21 ~top to bottom!. Solid lines corre-
spond to KWW descriptions withb50.55. The dotted line shows
single exponential function for comparison.

FIG. 5. Jülich NSE results for PId3 at 340 K and differentQ
values: 0.10, 0.15, 0.20, and 0.30 Å21 ~top to bottom!. Lines cor-
respond to KWW descriptions withb50.57.
05180
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At 340 K, the high quality of the Ju¨lich NSE data~Fig. 5!
allows for an independent fit revealingb50.5760.08. Fig-
ure 6 shows a compilation of the values obtained for theb
parameter from different experiments—this work, dielect
spectroscopy and NSE on PId8@18#. A tendency to increase
with T is observed forb. On the basis of the experimenta
results at hand, for the further evaluation we interpolatedb
to the values shown in Fig. 6 as a solid line and kept it fix

The description of the IN13 curves in terms of the Four
transform of Eq.~1! with fixed shape parameters is ve
satisfactory. This may be seen in Figs. 2 and 3. A flat con
bution was also allowed in the fitting procedure. For t
three temperatures investigated the characteristic times
displayed as a function ofQ in Fig. 7. A strong decrease o
tw with increasingQ takes place. We note that at 280 K th
uncertainties in the determination oftw are smaller than a
the other temperatures, since there the dynamical pro
occurs at time scales well accessible for IN13 in the wholeQ

FIG. 6. Temperature dependence of theb parameter as obtaine
from the NSE experiments on PId3 (s) and PId8 (L), and from
the simulations (j). The arrow marks the value determined for th
parameter from dielectric spectroscopy@18#. The values fixed for
the analysis of the neutron scattering results in this work are sh
by the solid line.

FIG. 7. Momentum transfer dependence of the character
times obtained from the KWW description of the results on PI
obtained by IN13 (3, 260 K; m, 280 K; l, 300 K!, IN11C (n,
280 K; L, 300 K; h, 320 K; s, 340 K!, and Ju¨lich NSE spec-
trometer (d, 340 K!. Solid lines show an orientative lawQ22/b

corresponding to each temperature forT>280 K.
2-6
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range. At 260 K the dynamics becomes slower and, du
the rather strongQ dependence oftw , the broadenings in the
low-Q spectra are very small. Contrarily, for the highest te
perature~300 K! the dynamics can be well followed in th
low-Q range, where nice broadenings associated to relati
fast dynamics are detectable, but the decay of the ove
intensity is stronger and leads to very weak signals at highQ
values. In fact, the amplitudeA for the a relaxation can be
well described by means of Eq.~2!. The values for the mean
squared displacement^u2& associated with the fast proce
are 0.4360.02 Å2 at 260 K, 0.5560.02 Å2 at 280 K, and
0.5860.01 Å2 at 300 K, in good agreement with previou
BS results on a similar sample@5,30#.

Also for the NSE spectra the KWW function offers a go
description~see Figs. 4 and 5!. The resulting characteristi
times from the fitting procedure are plotted in Fig. 7 togeth
with those deduced from the IN13 measurements. It is n
worthy that at 300 K a very wide Q range (0.34<Q
<4.7 Å21) has been covered by the combination of IN
and IN11C measurements; in thisQ range, the time scale
spread over almost four decades. Though unfortunately
overlap in Q of the results from the two techniques w
possible due to the problems commented above, theQ de-
pendence oftw is very well defined in the full range for thi
temperature. It is important to note that the extrapolated
havior from the low-Q side~solid line! perfectly matches the
lowestQ result of IN13. We emphasize again the experime
tal difficulties and the importance to select properly the te
perature range in order to achieve meaningful results o
such a large dynamic range. At 280 K the dynamics beco
already too slow to be well characterized in the low-Q range.
The Q dependence in this range has nevertheless been
fectly determined for 340 K by combining the results of t
two NSE machines. For this temperature, the full dec
0.1<Q<1 Å21 has been covered.

With these results at hand, one may first scrutinize
Gaussian character of the self-correlation function. In Fig
we have compared theQ-dependent characteristic times wi
the Gaussian prediction@Eq. ~3!#, represented by the soli
lines. As the value of theb-parameter slightly increases wit
temperature, the slopes of the power laws predicted by
Gaussian approximation decrease in absolute value tow
higher temperatures. Figure 7 shows that Eq.~3! describes
very well the Q dependence of the experimentally dete
mined characteristic times in the rangeQ<1 Å21 for T
>300 K and is well compatible with the results at 280
within the experimental uncertainties. However, abo
1 Å21 the times deviate from such law to follow a weakerQ
dependence.

In Fig. 8~a!, we have replotted the characteristic times
Fig. 7 exponentiated to the power ofb. Considering Eq.~3!,
in this representation all the results reflecting Gaussian
havior should show the same slope (tw)b}Q22 ~solid lines!.
Again the goodness of the Gaussian approximation for
self-correlation function atQ<1 Å21 becomes evident. The
use of (tw)b has the advantage that the influence of the te
perature on theQ dependence through the change inb is
removed. Starting from Fig. 8~a!, we can now condense a
the available information from the different temperatures
05180
to

-

ly
all

r
e-

o

e-

-
-
er
es

er-

e

e
,

e
rds

-

e

f

e-

e

-

-

vestigated by constructing a master curve. In this proced
the temperature dependence is removed applying shift
tors aT to the results obtained at the different temperatur
Choosing a reference temperatureTR , (tw)b/aT should col-
lapse on the data corresponding toTR . Figure 8~b! results
from such a procedure withTR5300 K. Within the experi-
mental uncertainties, the coincidence of the results obtai
at the different temperatures is nearly perfect. AQ22 depen-
dence of (tw)b is obtained at lowQ crossing over to a
weaker power law at aroundQ'1.3 Å21. Thus, we have
experimentally established a crossover from Gaussian
non-Gaussian character of thea relaxation similar to that
reported for the simulated sample.

Before coming to the discussion, let us now investig
how the shift factors used for building the master curve co
pare with other results on the temperature dependence o
For example, we can compare them with those obtained
dielectric spectroscopy. When the shape of the correla
function changes with temperature, it is meaningful
present the results on the thermal evolution of the charac

FIG. 8. ~a!: Momentum transfer dependence of the characteri
times in Fig. 7 exponentiated to the power ofb. ~b! Master curve
constructed shifting the points in~a! by the appropriate factorsaT .
Straight lines show aQ22 dependence. The dashed line shows
description of the master in terms of an anomalous jump diffus
model @Eq. ~17!# with ,050.42 Å. The inset compares the shi
factors obtained from dielectric spectroscopy~solid line! and from
this neutron scattering study on PId3 (s) ~see the text!. The aver-
age times from the pair correlation function measured by IN11
1.44 Å21 on PId8 are also displayed (3).
2-7
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istic time scale in terms of the average time^t&. ^t& is the
first moment of the equivalent distribution of single exp
nentials. In the case of KWW functions,^t& is given as

^t&5

GS 1

b D
b

tw , ~12!

whereG is the Gamma function.̂t& observed by spectro
scopic techniques often matches the^tsel f(Q)& obtained
from the self-correlation function atQ'1 Å21 @31#. In the
particular case of PI, it has been found that this occurs
Q50.9 Å21 @30#. The inset of Fig. 8 compares the sh
factors obtained by dielectric spectroscopy@32,33# ~solid
line! with those for^tsel f(Q50.9 Å21)& ~crosses!. In both
casesTR5300 K. In this inset, we have also displayed t
IN11 results on the average time of the pair correlation fu
tion at 1.44 Å21 @18#. The agreement between the three s
of data is very good.

IV. DETAILED COMPARISON WITH SIMULATION

In Sec. III, we have established the crossover from
Gaussian to a non-Gaussian character of the self-correla
function measured on the PId3 sample. Such a cross
takes place atQ'1.3 Å21, a value close toQmax. This is
just the result from the simulations on PI we wanted to va
date. Now we would like to stress the direct comparis
between simulation and experimental results. How do
absolute values of the characteristic times compare? Is
shape of the decay similar in both cases, etc.?

To answer these questions, at equivalentQ values we di-
rectly compare the intermediate scattering functions obtai
from the NSE measurements with those from the simulati
at 363 K @2#. We find closest agreement between bo
datasets for a temperature of about 320 K for the real sam
For Q50.67 Å21, Fig. 9~a! shows the experimental sel
correlation function of the main chain protons at 320
~points! and that obtained from their trajectories in the sim
lations at 363 K~line!. Both decays take place in a ver
similar way. We note that the amplitude of the experimen
data is higher than that of the simulation results. The co
parison in the figure has been done reducing the experim
tal scale by 17% with respect to the simulation scale~see the
corresponding axis in the figure!. The need of such an ad
justment can be rationalized taking into account how
NSE data are normalized. As a result of the polarizat
analysis after the scattering process, a NSE spectromete
fers only a limited band pass to the scattered neutrons.
elastically scattered neutrons with wavelengthsl shorter
than those that the bandpass allows, are not transm
through the instrument and do not participate in the norm
ization @denominator of Eq.~11!#. The value determined by
the NSE instrument for the static signal is therefore unde
timated. An exact calculation of the error in the experimen
normalization is not straightforward since a complete kno
edge of the scattering functions and the bandpass frequ
range is required. We note that the NSE signal includes b
the incoherent and the partial coherent structure factor
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mixed in the polarization analysis; in the case of partia
deuterated samples, the situation might be quite complica
~see, e.g., Ref.@26#! and the experimental result can be ve
much influenced, e.g., by a slightly deficient deuteration. T
matching factor has therefore been adjusted though its n
is clearly justified.

Even if this paper is focused on the self-motion of t
main chain protons in PI, in order to further check the val
ity of the simulations we can compare experimental a
simulation results on another correlation function for whi
experimental data are available: the coherent scattering f
tion or dynamic structure factor measured from a fully de
terated sample PId8@18#. Giving additional support to the
simulations, Fig. 9~b! shows that forQ51.44 Å21 the pair
correlation function measured on PId8 at 320 K@18# super-
imposes with high accuracy with its simulated counterpar
363 K. Again the NSE amplitude has been adjusted to ma
the simulated data. We note that the wavelength used in
NSE measurements was shorter (l54.68 Å), leading to a
more accurate normalization of the data. Simulations a
experimental results are thus approximately equivalent
shift in the temperature scale of about 40 K is assumed. T
the time scale as well as the shape of the decays are sim
Such a temperature shift was also reported for MD simu

FIG. 9. Direct comparison between simulation and experime
results. In~a! the self-correlation function calculated from the ma
chain proton trajectories at 0.7 Å21 and 363 K~line! is displayed
together with the IN11C results on the PId3 sample at 0.67 Å21 and
320 K (s). In ~b! the pair correlation function calculated from
simulations at 1.45 Å21 and 363 K~line! and the IN11 result for
PId8 @18# at 1.44 Å21 and 320 K (L) are presented.
2-8
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EXPERIMENTAL EVIDENCE BY NEUTRON SCATTERING . . . PHYSICAL REVIEW E67, 051802 ~2003!
tions of a model of a low-molecular glass-forming syste
orthoterphenyl@34#. In our case the shift might be due t
several reasons. For instance, to the difference in the mi
structure of the samples—the simulated chain consists
18% cis units and 82% trans units. Also different tacticit
could lead to some differences in the dynamics. Another
gin could be that the force field used in the simulations@35#
was not perfectly calibrated. The potentials involved in t
simulations are from both intermacromolecular and int
macromolecular nature. It has been recently shown by Sm
et al. @36# that the time scale of thea relaxation resulting
from the MD simulations in polybutadiene is quite sensiti
to slight changes of the local intrachain potentials. Thus
refinement of the rotational potentials based on the comp
son with experiments could possibly result in a more reali
force field for PI.

The overall corrections of the simulations may be tes
further in looking at the temperature dependent relaxa
dynamics. For this purpose new MD simulations have b
run at temperatures ranging from 314 K to 513 K. The d
were analyzed in the same way as reported in Ref.@2# and
above, and reveal information on the shape as well as on
characteristic time. We first discuss the results on the sh
of the relaxation. Contrary to what is usually assumed~e.g.,
also for fully deuterated PI@18#!, in this experimental study
we have found deviations from the time-temperature sup
position principle in PI. Theb-value increases fromb
'0.40 atT&280 K ~dielectric data, pair correlation functio
close to the first peak! to b'0.57 at 340 K~see Fig. 6!. A
similar trend can also be deduced from the simulations.
gether with the experimental results on theb parameter, Fig-
ure 6 presents those obtained from a fit of the self-correla
function of the main chain protons calculated from the sim
lations using Eq.~1!. The best estimates for theb values are
shown as solid squares. The bars in these points indicate
range within which the value of theb parameter varies in the
Q-region investigated (0.2<Q<5 Å21). In the temperature
range under study, also an increase fromb'0.40 to b
'0.60 can be observed. In the comparison made in Fig
we have taken into account the shift of around 40 K fou
from the direct comparison of the spectra~Fig. 9!, by shifting
the temperature scale of the simulation~above! with respect
to the scale for the sample temperature~below!. Though
qualitatively the behavior ofb agrees for experiments an
simulation, we note that the experimentalb value at 320 K is
larger than that obtained from a fit of the simulated spectr
the corresponding temperatureT5363 K. The change in
shape appears at somewhat higher temperature in the s
lations compared to the experiment.

Figure 10 displays the observed temperature dependen
of the relaxation times. In order to make characteristic tim
of relaxation spectra of changing shape comparable,
present the average times@Eq. ~12!#. The full squares are the
simulation results, the open circles the neutron data, and
solid line the temperature dependence predicted on the b
of dielectric measurements on the same sample@32,33#.
Again the simulation results were shifted in temperature
43 K. The agreement between all data sets is very satis
tory and again nicely validates the simulation.
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We finally compare theQ dependence of the characterist
time as obtained from experiment and simulations. Fo
direct comparison, we note that the experimental results
affected by the coherent scattering contribution in the highQ
range. From inspection of Fig. 1, theQ<1 Å21 results
should not be influenced by coherent scattering, while
lower-Q part of the IN13 data should contain an apprecia
coherent contribution@the peak ofI coh(Q) is between 1 and
2 Å21, see Fig. 1#. The easiest way for a direct compariso
is to take advantage of the knowledge on all the atomic
jectories from the MD simulations and to build the total sc
tering function for the PId3 sample considering the differe
contributions@see Eq.~4!#. As an example in Fig. 11~a!, we
show the coherent and the incoherent contributions obta
from the simulations atQ51.3 Å21, i.e., where the coheren
contribution is maximal. These functions are weighted by
corresponding static amplitudesI coh andI inc . As can also be
seen in Fig. 1, the ratio between them is about 1:3. If
characteristic times for both decay functions were the sa
then the time scale of the resulting total function would n
be affected. However, a fit with Eq.~1! andb50.40 fixed to
the slow decays of the pair and the self-functions give
significantly longer time for the coherent contribution~136
ps compared to 54 ps!. This is a consequence of th
deGennes-type narrowing found in glass-forming syste
for thea relaxation@12#. The resulting characteristic time fo
the total function is 70 ps, somewhat longer than the 54
found for the self-motion of the main chain protons. The
of both, the incoherent and the total decay leads to the va
for the characteristic times shown in Fig. 11~b!. As expected,
they coincide below 1 Å21, but a slight modulation mirror-
ing I coh(Q) can be found in the case of the total scatterin
Due to the small amplitudes of the second decay, ab
3 Å21 the uncertainties in the determination of the tim
scale are higher. We note, moreover, that the calculati
involving coherent contributions extend only down
0.5 Å21. The dimensions of the simulated cell do not allo

FIG. 10. Temperature dependence of the average time obta
from the experiments (s) and from the MD-simulations (j) for
Q50.9 Å21. The solid line shows the temperature dependence
served from the dielectric spectroscopy. Its extrapolation to te
peratures higher than those experimentally accessed is repres
by the dashed-dotted line.
2-9
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to calculate the pair correlation functions beyond such
limit. However, we should expect indistinguishable tim
scales with and without considering the coherent contri
tion in the low-Q regime.

The comparison between experiments and simulatio
performed in Fig. 12. By applying a shift factoraT to the
values of (tw)b obtained from the simulations for the tot
scattering function, we have superimposed them to the m
ter plot previously built from the experimental results~Fig.
8!. Considering that at the highestQ points the determined
times are subject of some uncertainties, the agreemen
tween both sets of data is extremely good. In this figure,
have also included the experimentally determined st
structure factor at 314 K@19#. In this way, it can be clearly
seen that the crossover takes place in the neighborhoo
Qmax. We thus conclude that the crossover found in
simulations takes place in a similar way in the real samp
Apart from the shift in temperature~corroborated by theaT
used for matching the points in the master curve!, a quanti-
tative equivalence is found between experiment and sim
tions.

Inspecting the new temperature dependent simulations

FIG. 11. Influence of coherent scattering on the results aQ
51.3 Å21 ~a! Contributions of the self-motion of the main cha
protons (s) and of the pair correlation of the PId3 sample (m)
obtained from the MD simulations. The total function is also d
played (l). Solid lines show the description of the sel
contribution and the total scattering function by KWW functio
with b50.40. ~b! Comparison between the characteristic times
tained from the simulations when considering the self-contribut
of the main chain protons (h) and the total scattering function fo
the PId3 sample (j).
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may also ask, whether the crossover between Gaussian
non-Gaussian self-correlation functions depends on temp
ture. For that purpose, using temperature dependent shift
tors, in Fig. 13, we display the simulatedQ-dependent relax-
ation times again in form of a master plot. As may be se
the data from all temperatures collapse to a single ma
curve. Thus, the crossover to non-Gaussianity is not affec
by temperature, but appears to be an intrinsic property of
sublinear diffusion process.

Finally, the deviations from Gaussianity reflected in theQ
dependence of the characteristic time at high-Q values
should be associated to nonvanishing values of thea2(t)
parameter. This is demonstrated in Fig. 14, where the va
for a2(t) computed from the MD simulations according
Eqs. ~9! and ~7! are displayed. This parameter shows tw

-

-
n

FIG. 12. Master curve built by combining experimental~empty
symbols! and simulation (j) results on the PId3 sample. Th
straight line shows aQ22 dependence. The static structure fact
determined by D20 on PId8 at 314 K@19# is displayed for compari-
son~solid line!. The corresponding scale is shown starting from t
level estimated for the incoherent scattering contribution.

FIG. 13. Master curve obtained from the MD-simulation resu
by dividing the characteristic times corresponding to a given te
perature by the value at 0.9 Å21 and exponentiating them to th
properb value. The different symbols correspond to the differe
temperatures indicated.
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EXPERIMENTAL EVIDENCE BY NEUTRON SCATTERING . . . PHYSICAL REVIEW E67, 051802 ~2003!
maxima, the first of which can be attributed to the particu
microscopic dynamics, which is mainly determined by t
relative motion of the protons with respect to the main ch
carbons@2#. The second peak, centered att* ;4 ps, relates
to the onset of sublinear diffusion which shows itself in t
mean squared displacement obtained from the simulation
is responsible for the deviations found from Gaussian beh
ior at high-Q values. This can easily be realized with th
following argument. At lowQ, below 1.3 Å21, the charac-
teristic time tw is slow, tw(Q<1 Å21)>100 ps @see Fig.
11~b!#. As can be deduced from Fig. 14, the value of t
non-Gaussian parameter corresponding tot>100 ps is quite
small, i.e., a2@tw(Q<1 Å21)#<0.2. However, above the
crossoverQ value, the characteristic time becomes fast, w
values below 10 ps forQ > 2 Å21. These times correspon
just to the region wherea2(t) presents its second maximum
i.e., they are close tot* . Thus, we can see that the deviatio
towards non-Gaussian behavior oftw are intimately linked to
the main peak ofa2(t) and therefore their origin should b
common.

V. INTERPRETATION AND DISCUSSION

Any theoretical approach or model considered for int
preting the crossover found in theQ dependence oftw(Q)
should also reproduce the behavior ofa2(t). Several sce-
narios may be invoked@2#. ~i! For instance, the mode cou
pling theory~MCT! for the glass transition@7–9# predicts a
Q dependence for the characteristic time of the s
correlation function that at high-Q values strongly deviate
from that expected in the Gaussian case. Qualitative ag
ment between the MCT predictions and the simulatedtw(Q)
is found@2#. Moreover,a2(t) calculated in the framework o
the MCT for a hard-sphere system also shows a qualitativ
similar behavior to that reported here.~ii ! Most physical pic-
tures given for the rationalization ofa2 are based on the

FIG. 14. Time evolution of the mean squared displacement^r 2&
(s) and the non-Gaussian parametera2 (d) obtained from the
simulations at 363 K for the main chain protons. The solid verti
arrow indicates the position of the maximum ofa2 , t* . At times
t.t(Qmax), the crossover time,a2 assumes small values, as in th
example shown by the dotted arrows. The corresponding funct
^r 2& anda2 deduced from the analysis of the experimental data
320 K in terms of the jump anomalous diffusion model are d
played as lines: solid for̂r 2& and dashed dotted fora2.
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existence of the so-called ‘‘mobile particles’’ or on conside
ations related to the ill-defined concept of dynamical hete
geneity @10#. A possible scenario based on the widely a
sumed idea of identifying Gaussian behavior w
dynamically homogeneous behavior was already discus
in Ref. @2#. In such a scenario, the crossover could be und
stood as a homogeneous to heterogeneous crossover o
incoherent dynamics involved in thea relaxation. As it was
mentioned in Ref.@2#, this interpretation would imply tha
the results obtained by different techniques could be affec
by the underlying dynamic heterogeneity att* in a different
way. The closer the time scale of thea process probed by a
particular technique is to thet* range, the more sensible th
technique is to the heterogeneous dynamics. On the o
hand, it is noteworthy that in most of the works invoking th
concept of dynamical heterogeneity the origin of the non
nishing values ofa2 is usually sought in connection with th
origin of the nonexponential behavior of thea relaxation,
i.e., the stretching of the relaxation function. In none of the
works theQ dependence of the characteristic relaxation ti
is considered.

Here, we will focus on another explanation of the cros
over which was recently pointed out@13#. It bases on the
existence of a distribution of discrete jumps underlying t
atomic motions in thea process. As we will see, this simpl
interpretation, which, in principle, is compatible with th
framework of the MCT, gives account for the observed b
havior in PI and allows to deduce all the universal featu
reported up to date for the non-Gaussian parametera2 in
different glass-forming systems.

The result which is now established beyond doubt is
law tw}Q22/b @Eq. ~3!# at Q , Qmax and its consequence
the sublinear diffusion process for the atomic motions in t
Q range. We have also shown a clear correlation between
non-Gaussian parametera2 and the deviations from Gauss
ian behavior found fortw(Q). We now like to dwell on these
results, in order to understand the crossover. It is well kno
that in the simple jump diffusion model, proposed a lo
time ago~see Refs.@23,37,38#!, finite jump lengths tend to
cause a bending of the dispersion for the diffusive relaxat
time away from theQ22 law which takes place for simple
diffusion at low Q. The jump diffusion model@23,37,38#
assumes that an atom remains in a given site for a timet0,
where it vibrates around a center of equilibrium. Aftert0, it
moves rapidly to a new position separated by the vecto,W
from its original site. For simple diffusion~SD! the incoher-
ent intermediate scattering function is

Ssel f
jump,SD~Q,t !5expF2b~Q!

t

t0
G , ~13!

whereb(Q) depends on the particular geometry of the jum
involved, i.e., on the vectors,W . A reasonable assumption fo
liquids and disordered systems is that they are randomly
ented and that their moduli are distributed according to
function
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f 0~, !5
,

,0
2

expS 2
,

,0
D , ~14!

which involves a preferred jump distance,0. The average
value of the jump length is then̂,&5A6,0. Under these
assumptions, we have@38#

b~Q!5
Q2,0

2

11Q2,0
2

. ~15!

Note that for Q,0→0, b(Q)→Q2,0
2. In that limit,

Ssel f
jump,SD(Q,t) has a Gaussian form with an associated m

squared displacement that increases proportional to the t
Glass-forming systems exhibit stretched exponential fo
for the self-correlation function@Eq. ~1!#. An incoherent scat-
tering function analogous to that for the simple jump diff
sion @Eq. ~13!# may be built by introducing the stretching i
the time-dependent part:

Ssel f
jump~Q,t !5expF2b~Q!S t

t08
D bG . ~16!

In this way, in the limitQ,0→0 the Gaussian approxima
tion is recuperated; but now a sublinearly increasing m
square displacement would be obtained for small-Q values,
as observed from experiments and simulation. The resul
characteristic time is then given by

tw5t08F11
1

Q2,0
2G 1/b

, ~17!

which in the asymptotic low-Q limit is just tw}Q22/b @Eq.
~3!#. This simple idea was, in fact, already worked out by
in the case of a sublinear diffusion in order to explain slig
deviations previously found from Eq.~3! at high-Q values in
PVME @11#. This model was also applied to previous PI
results@30#. In that work, a value of,050.42 Å was found
from a BS investigation of thea relaxation in PId3 at 270 K.
Though theQ-range explored in that study was quite narro
(Q<1.9 Å21), our results, obtained in a much widerQ
range, can perfectly be described by such a model with
same value of,0. This is shown in Fig. 8~b!, where the
dashed-dotted line is a fit with Eq.~17! ~exponentiated tob)
and the value of,0 fixed to 0.42 Å. At the reference tem
perature of 300 K, for the only adjustable parameter the
sult t08@ns#50.1671/b is obtained. We can thus conclude th
the experimental results on this polymer are compatible w
a scenario of sublinear diffusion for the segmental relaxa
with an underlying distribution of elemental jump lengt
with a most probable value of,0'0.42 Å. From Fig. 13, we
further conclude that the jump distribution appears to be v
little affected by temperature. All the curves correspond
to relaxation times simulated over a wide temperature ra
collapse onto a single master curve.
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We can now ask whether this model also accounts
other observables accessed by the simulations, asa2. To
obtain a2 for this model, the total expression used for d
scribing the self-correlation function has to be considered
consists of the incoherent scattering function for jum
anomalous diffusion@Eqs.~16! and~15!# affected by the pre-
factor A(Q) @Eq. ~2!#:

Ssel f~Q,t !5expS 2
^u2&

3
Q2DexpF2S Q2,0

2

11Q2,0
2D S t

t08
D bG .

~18!

For small values of the variableQ2,0
2, Eq. ~18! can be

approximated as

Ssel f~Q,t !5expF2
^u2&

3
Q22Q2,0

2S t

t08
D b

3~12Q2,0
21••• !G . ~19!

Comparing this with the general expression for the exp
sion of Ssel f(Q,t) in Q ~see, e.g., Ref.@39#!

Ssel f~Q,t !5expF2
^r 2~ t !&

6
Q21

a2~ t !^r 2~ t !&2

72
Q41•••G ,

~20!

the following results are obtained for^r 2(t)& anda2(t):

^r 2~ t !&52^u2&16,0
2S t

t08
D b

, ~21!

a2~ t !5

72,0
4S t

t08
D b

F2^u2&16,0
2S t

t08
D bG 2 . ~22!

In order to compare the results of Eqs.~21! and ~22! with
those of the simulations, the values of the different para
eters involved have to be known for 320 K, the equivale
temperature to the 363 K of the simulations@2#. From the
results obtained by IN13 for̂u2&, a linear temperature de
pendence extrapolates to^u2&'0.66 Å2 at 320 K.,0 is as-
sumed to be temperature independent in a first approxi
tion. With the shape parameter found in the simulationsb
50.4 and using the appropriateaT value (a320 K50.42), t08
51.3 ps is obtained. The so calculated values for^r 2(t)& and
a2(t) are plotted in Fig. 14 as lines. As may be appreciat
a semiquantitative agreement is found between the va
obtained from the model of anomalous diffusion with a d
tribution of jump lengths and those resulting from the sim
lations. Naturally, the comparison applies only to time sca
2-12
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longer than the characteristic for the fast dynamics, since
fast process has been simply parameterized by the LMF@Eq.
~2!#, i.e., through the effective contribution to the displac
ment characterized bŷu2&. In the range of applicability (t
*1 ps) the shape and the position of the peak ofa2(t) are
quite similar for both sets of data.

With this result at hand, we now exploit the model furth
in order to see whether it is able to reproduce the main
tures ona2(t) that are reported in the literature from sim
lations of glass-forming systems, in general. Figure 15 sh
theT dependence ofa2(t) calculated taking into account th
values experimentally determined for PI for the different p
rameters involved in the model. At a first sight, it becom
evident the qualitative similarity shown by the so calcula
non-Gaussian parameter with the data usually reported in
literature ~see, e.g., Refs.@34,40–44#!. Moreover, we can
check whether this model also accounts for other seemin
universal features ofa2: ~i! In the asymptotic short time
limit, ta2(t)}t3/2, as pointed out by Caprionet al. @42#; ~ii !
the timet* where the maximum ofa2 occurs shifts withtw ;
~iii ! the magnitude ofa2 increases with decreasing temper
ture.

~i! First of all, Fig. 15~b! explores the prediction of Cap
rion et al. @42#: the collapse ofta2(t) in the short time re-
gime to a universal function proportional tot3/2. As can be
seen in this figure, such behavior is very fairly reproduced
the simple anomalous jump diffusion model with the para
eter values obtained for PI. This is not surprising since
~22! delivers atb dependence for the short time asympto
limit of a2(t). As theb values obtained for our sample a

FIG. 15. Time evolution of the non-Gaussian parametera2 as
predicted by the anomalous jump diffusion model with the para
eters obtained from the quasielastic neutron scattering result
polyisoprene for the temperatures indicated. Figure~b! shows the
data in~a! multiplied by the time.
05180
e

-

r
a-

s

-
s
d
he

ly

-

y
-
.

close to 0.5—and usually so they are for polymers,
general—it is evident that this simple model accounts
such a feature. This means, while the stretching param
takes values close to 0.5, the model here proposed re
duces the asymptotic limit reported in Ref.@42#. In that
work, we note that for the selenium data shown the value
the b parameter wasb50.53 @45#, and thus the anomalou
jump diffusion model would also perfectly give account f
the behavior found. In the case of the other system inve
gated in that work—a binary Lennard-Jones liquid—t
slope of the curveta2(t) decreases asymptotically in
steeper way thant3/2; no information on the value of theb
parameter is given for this kind of system.

~ii ! From Eq.~22! it is straightforward to calculatet* as
the time, wherea2(t) exhibits its maximum. We arrive a
t* 5t08(^u

2&/3,0
2)1/b. Given the weak temperature depende

cies of^u2& andb, to a good approximation the temperatu
dependence oft* follows that oft08 . Using the experimenta
parameters, Fig. 16~a! displays t* and t08 as a function of
temperature. Both times are basically identical—t* agrees
nearly quantitatively with the jump timet08—a very plau-
sible result. Moreover, Fig. 16~a! also shows that the tem
perature dependence oft* (T) is approximately the same a

-
on

FIG. 16. Temperature dependence of~a! t* (n), t08 (h), and
tw(Q50.9 Å21) (s) from the experiments and~b! the maximum
value ofa2 , a2

max 5 a2(t* ), as obtained from the anomalous di
fusion jump model with the experimental parameters determined
polyisoprene~solid line! and from the simulations for the mai
chain protons~diamonds! and for the main chain carbons~tri-
angles!. The temperature scale for the model data has been sh
43 K to match that of the simulations.
2-13
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that of tw(T). This is naturally understood because, acco
ing to Eq.~17!, the temperature dependence oftw andt08 are
the same apart from the slight changes ofb with tempera-
ture.

~iii ! Inserting t* into Eq. ~22!, a2
max5a2(t* )

53,0
2/2^u2& is obtained. With,0 approximately constan

and ^u2& decreasing linearly withT, a2
max increases signifi-

cantly with decreasing temperature. The values ofa2
max cal-

culated by using the experimentally determined values
the parameters involved in the model are shown in Fig. 16~b!
in comparison with the MD-simulation results at differe
temperatures. The temperature scale has been shifted in
to compatibilize neutron scattering and MD-simulation
sults. We note that the agreement between the model pre
tions and the simulations is good for the results on both
main chain protons and main chain carbons.

We can thus conclude that the main ‘‘universal’’ featur
reported in the literature fora2(t) are well reproduced by a
simple anomalous jump diffusion model with a distributio
of jump lengths.

Now we can discuss the implications of the anomalo
jump diffusion concerning the so-called heterogeneity of
a relaxation. First of all, we can say that the above m
tioned model, in fact, involves a heterogeneous picture
the self-atomic motions in thea-relaxation regime which
manifests at short length scales. There, each atom can
over different distances at each moment; therefore, at la
Q, where the neutron wave packet interacts only alon
single step of the diffusion process, the system looks het
geneouslike and non-Gaussianity is evident. However,
small Q, the contributions toSsel f(Q,t) originate from a
large space volume of size;1/Q; the scattering process ob
serves the motion over long paths, i.e., over many diffus
elemental steps. Then, the result does not depend on th
ture of the single step: at large scales the sublinear regim
reached and the system becomes Gaussian. This ma
quantified furthermore in takingt* , the time wherea2(t)
displays its maximum, as a measure of the ‘‘lifetime’’ of th
heterogeneous behavior. From the simulation results at
K ~corresponding to experimental results at about 320 K!, we
can see thattw ;t* only for Q values of the order of
3 Å21. At Q values of the order of 0.8 Å21, tw;25t* .

We note that in the jump diffusion scenario the origin
the stretching of thea relaxation is not addressed, since t
sublinear diffusion is just assumed for reproducing the
perimental findings. However, from the experimental sim
taneous observation of sublinear diffusion and Gaussian
havior at Q<Qmax, a conclusion can be drawn: th
stretching of thea process cannot be a consequence o
simple distribution of single exponentials. This was alrea
demonstrated in Ref.@5#. Thus, the existence of a distributio
of jump lengths may explain the deviations from Gauss
behavior atQ>Qmax but is, in principle, decoupled from th
origin of the stretching of thea relaxation. Furthermore, th
semiquantitative agreement between the results obtaine
a2 from the simulations and the jump anomalous diffusi
model suggests that the origin of thea2 peak found in simu-
lations of glass-forming systems~see, e.g., Refs.@34,40–44#!
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and which is usually attributed to the heterogeneity of thea
process, might be simply due to a jump length distributio

Finally, we would like to remark that the scenario
anomalous jump diffusion is, in principle, compatible wi
the MCT. The jumps leading to the sublinear diffusion wou
correspond to the dynamics allowing the decaging mec
nism. In the framework of the MCT, a first estimation of th
so-called mean characteristic localization lengthr sc was
done starting from the simulations at 363 K@2#. This was
obtained from the value of the mean squared displaceme
t* , ^r 2(t* )& and assuming that̂r 2(t* )&'6 r sc

2 . This gives
r sc'0.45 Å. It is worth remarking that the value found fo
,0'0.42 Å is in the range of that estimated forr sc . This
finding would suggest to identify the most probable jum
distance,0 with the mean characteristic localization lengt
On the other hand, the value of the total mean squared
placement̂ u2& measured at IN13 also comprises the fastH
librations and vibrations that are not part of the caging p
cess. Thê u2& associated with the fast dynamics~caging!
could be significantly smaller~see, e.g., Fig. 15 of Ref.@15#!.
In any case, the most important criterion for jump diffusio
the separation of time scales~picosecond vs nanosecond!, is
well fulfilled.

VI. CONCLUSIONS

In combining the spin echo spectrometers IN11C and
Jülich NSE with the thermal backscattering instrument IN
on a main chain protonated polyisoprene sample, we h
performed a careful investigation on theQ dependence of the
scattering function in thea-relaxation regime. At 300 K, we
have been able to characterize the dynamics in theQ range
0.34<Q<4.7 Å21. Combining the results from differen
temperatures, theQ range has been extended towards low
values as low as 0.1 Å21. The experimental effort clearly
established the crossover from Gaussian to non-Gaussia
havior of thea-relaxation scattering function. This crossov
takes place at aroundQ51.3 Å21, close to the first maxi-
mum of the static structure factor. The results corrobor
findings of earlier MD simulations performed on PI by som
of us @2#. From the combination of the MD simulations an
the experiment, a simple picture of the diffusion process
derlying thea-relaxation evolved.

~i! At low Q corresponding to larger distances, we de
with a homogeneous sublinear diffusion process. This re
is by now supported by a number of detailed investigatio
into the relationship between the shape of the relaxa
function and theQ dispersion of the characteristic relaxatio
times.

~ii ! At higher Q the relationship between shape and d
persion relation demanded by Gaussianity breaks down a
weaker dispersion is found.

~iii ! The changingQ dispersion may be explained in term
of a sublinear jump diffusion model featuring a distributio
of jump lengths. The distribution, thereby, seems to va
very little with temperature. From this model a no
Gaussianity parametera2(t) may be calculated which agree
very well with simulation.
2-14
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~iv! This good agreement suggests that, at least to a
sonable approximation, the apparent non-Gaussianity
served for thea process at short enough times is indeed
result of a diffusion process with a distribution of finite jum
lengths.

~v! The predicted non-Gaussian parameter from the ju
diffusion model is able to reproduce the main conjectu
that are reported in the literature from the simulations
glass forming systems, in general. These are the followin

~a! The time t* where the maximum ofa2 occurs ap-
proximately shifts withtw .

~b! The magnitude ofa2 increases with decreasingT.
~c! In the asymptotic short time regimeta2(t)'t3/2.
~vi! Seemingly the jump diffusion model captures the u

versal properties shown by so different glass formers
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