
PHYSICAL REVIEW E VOLUME 52, NUMBER 4 OCTOBER 1995

Fast dynamics of glass-forming glycerol
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The vibrational and relaxational dynamics of glycerol has been measured by incoherent neutron
scattering for energy transfers from some 10 peV to several 10 meV, and for temperatures from 4 to
413 K. On heating towards and above the glass transition, scattering from low-frequency vibrations
shows an unspectacular increase that is consistent with ultrasonic data. We propose using the
vibrational density of states for calculating the Fourier transformed time correlation function S(q, t)
without the cuto8' usually imposed by the kinematics of neutron scattering. For high temperatures
and low frequencies, structural relaxation is well described by the empirical Kohlrausch law. There
is no extended crossover region between vibrations and structural relaxation.

PACS number(s): 64.70.Pf, 63.50.+x, 61.25.Em, 83.10.3i

I. INTRODUCTION II. SCATTERING EXPERIMENT

On time scales of nanoseconds or longer, the glass tran-
sition is characterized by the freezing of structural relax-
ation. Microscopic investigations focus on the question
of how relaxational motion decouples from vibrational
modes on a picosecond scale. In a number of fragile
liquids [1,2], this crossing over seems to be correctly de-
scribed by the scaling laws of mode coupling theory [3,4].
Other crossover scenarios have been consid. ered in recent
studies of polymer dynamics [5—7].

In a Letter [8] we have reported on neutron and light
scattering experiments in glycerol. The associated liq-
uid glycerol [CsHs(OH)s, Tg = 185K, T = 291K] with
its ability to form multiple hydrogen bonds has been ex-
tensively studied as a model for a weak network that is
intermediate between fragile and strong glass formers on
an Angell plot [9].

Some of the most detailed predictions of mode coupling
theory are based on an asymptotic expansion of the dy-
namic susceptibility around. the minimum that separates
structural relaxations on the low-&equency side from vi-
brational excitations at high frequencies. While the scal-
ing behavior of glycerol in many respects resembles the
mode coupling P relaxation, a more quantitative analysis
made clear that asymptotic exponents violate constraints
imposed by the theory.

In this paper, we present our neutron scattering exper-
iment in more detail. We concentrate on the asymptotic
regimes that were not considered in the Letter: vibra-
tions on short time scales (Secs. III—V), and structural
relaxation in the opposite limit of long times (Sec. VI).
In both cases our data are in partial contradiction with
results reported for other, mainly polymeric, glass form-
ers.

The neutron cross sections of our samples are dom-
inated by incoherent scattering from hydrogen. Glyc-
erol is a polyalcohol with three OH groups per molecule.
Since we are not primarily interested in the dynamics
of hydrogen bonds, we used a partially deuterated sam-
ple glycerol-Ds (CsHs(OD)s) so that incoherent scatter-
ing can be ascribed to self-correlations of atoms in the
molecule's backbone. For comparison, a few scans were
taken with the inverse sample glycerol-Ds (C&Ds(OH)3).
If not stated otherwise, displayed data are for glycerol-
D3 Partially deuterated glycerol was prepared by ex-
change of glycerol-Do and. glycerol-D8 with D20 and
H20, respectively. The material was distilled twice and
then ulled into sealed aluminum containers under argon
atmosphere.

Neutron scattering experiments were performed on
the time-of-flight spectrometer Mibemol at the reactor
Orphee of the Laboratoire Leon Brillouin, CEN Saclay,
France. Using cold neutrons with A = 8.5 A. a resolution
of 40 —50 peV [full width at half maximum (FWHM)]
was achieved at detector angles 20 ranging from 38' to
141 . The dynamic range will be discussed in more detail
in Sec. IV (Fig. 5).

There were 51 groups of three He detectors each, and
neutrons were counted in 508 time channels. So we ob-
tained huge raw data sets with low count rates per chan-
nel, and the first task was to condense the information
into a reasonable number of data points. We retained
16 detector groups, covering intervals of 3 —6 . We re-
grouped as many time channels into a single data point as
was necessary to keep the relative errors below a bound
of typically 2 x 10

The conversion to S(28, u) and the subtraction of con-
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tainer and background scattering were straightforward.
Spectra were normalized to glycerol-D3 at 4K; by com-
parison with a vanadium standard it was ensured that
coherent contributions in glycerol-D~ do not amount to
more than 10%. In the other sample glycerol-D5 there
is an additional 30% elastic scattering in the neighbor-
hood of the structure factor maximum (which is located
at q = 1.44k for glycerol-Ds).

Because of low count rates, we had to use relatively
thick samples. The measured transmission was 77.5%.
Hollow cylindrical sample geometry was chosen in or-
der to keep self-absorption and unwanted scattering as
isotropic as possible. Nevertheless, multiple scattering
must be expected to present a major problem.

In our analysis of the vibrational behavior (Sec. III),
we were guided by analogy with the case of o-terphenyl
[10]: froxn a detailed Monte Carlo simulation the main
eÃect of multiple scattering was found to be an isotropic
redistribution of scattering intensity which does not al-
ter spectral line shapes. As a 6rst order correction we
multiplied S(20, m) by the measured transmission.

It is less clear how multiple scattering affects relax-
ational spectra at higher temperatures. A simulation can
be performed only if one succeeds in constructing a model
S(q, ~) which reasonably extrapolates the measured data

into a dynamic range which is not directly accessible by
single scattering because of kinematic restrictions. So
far, no attempts have been made in this direction.

Representative data, interpolated to a constant q =
'p —11.2A, are shown in Fig. 1.

III. DENSITY' OF VIBRATIONAL STATES

Incoherent neutron scattering from harmonic solids
measures the density of vibrational states (DOS) g(~).
At finite values of q, however, S(qw) is not simply propor-
tional to g(&u) because in a significant number of all scat-
tering events a neutron emits or absorbs more than one
phonon. Quite different procedures for calculating g(~)
are in use

(i) In principle, the one-phonon cross section can be
obtained by extrapolating S(qw) to q -+ 0.

(ii) After a Fourier transformation u -+ t, the DOS is
related to the scattering law by the simple relation

S(qt) = exp [2W(qt) —2W(q0)]

with the displacement correlation

2w(qt) = q (u(0)u(t)) = —f d~e ' n(w), (2)

I I I I I IIII I I I I I I II[

the Bose-Einstein occupation n(~) = [exp(P) —1),and
the usual abbrevations

h2q2 Rdn= and P=
2Mkgg T gT
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FIG. 1. Scattering law S(qu) at q = 1.2 A, for better

presentation rescaled by S(q, u =0). The measured resolution
(solid line) is nearly ideal Gaussian. Note the exceptionally
good signal-to-noise ratio of better than 10 . Dotted lines
are Kohlrausch fits as discussed in Sec. VI. Above 333 K and
belovr 243K, the long dashes indicate the asymptotic slope

(10) with a = 0.32 as found in the scaling analysis [8]
referred to in Sec. V.

After calculating S(qt), one can divide by the Fourier
transform of the resolution function so that instrumental
effects are deconvoluted. The backtransform of ln S(qt) is
found to be numerically quite stable [11].The procedure
has the disadvantage that measured S(20, w) mu t be
interpolated to constant q before a Fourier transform can
be performed. As will be discussed in the next section,
this inevitably restricts the accessible energy range, in
our case to Lu 6meV.

(iii) If g(u1) is represented by a simple mathematical
model, multiphonon cross sections can be calculated ana-
lytically and then subtracted from the measured S(28, u)
[12]. The accuracy of this method depends on the correct
description of g(~) by a few-parameter fit.

(iv) If the incoherent cross section is dominated by just
one species of atom, the iterative procedure (iii) can be
applied without intercalating a model fit: one can cal-
culate the multiphonon corrections by numerical convo-
lution of g(u). This method which has been discussed
in detail in our work on o-terphenyl [10] is found to be
adequate for glycerol as well.

It has been observed in numerous experiments that
inelastic scattering intensities are not proportional to
q2 + O(q4) as expected from (1) and (2) [10,12—15]. De-
viations are ascribed to multiple scattering which redis-
tributes intensity more or less uniformly in q [16]. For
small q multiple scattering becomes dominant so that
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FIG. 2. Density of vibrational states g(w) of the two par-
tially deuterated glycerol samples at 120K. To emphasize
diiferences at small energies, the inset shows g(&11)/tu . The
arrow marks the u —+ 0 limit calculated from sound velocity
data.

the extrapolation (i) is rather difBcult to perform. In
our iterative calculation (iv) we minimize the inHuence
of multiple scattering by using data from large scatter-
ing angles only.

In Fig. 2, the resulting DOS is shown for both glycerol
samples. A rather broad distribution of vibrational ener-
gies is found. A first maximum at 9 meV is followed by a
second one at about 17meV which might be attributed
to internal motion of the carbon chain since it is seen
only in glycerol-D3. Above 20meV, count rates are poor
and the experimental data become less and less reliable.
It appears that a significant number of modes lies even
above 40meV. If there were a need to study these ex-
citations, one would have to use thermal instead of cold
neutrons.

At small ~ and in one-phonon approximation, the DOS
is proportional to w S(qw). This means that low-energy
modes which are measured with good precision appear
with rather low weight in a plot of g(w) vs w. In the
inset of Fig. 2 we therefore display g(w)/w2. Again, there
are significant difFerences between both samples. Most
probably the additional scattering from glycerol-D5 can
be ascribed to fl.uctuations of the hydrogen bonds.

Many properties of a solid depend on its DOS. So we
can relate our g(tu) to a number of other experiments.

(i) A first check of consistency can be made within
the realm of neutron scattering. From (2), we see that
the integral over g(lcul)n(w)/ur must reproduce the mean
square displacement (u (T)). For a harmonic systein,
the displacement can be obtained from the elastic scatter-
ing intensity S(q, cu = 0) = exp( —q (u )). In Fig. 3(a),
we show (u (T)) as obtained on the backscattering spec-

trometer IN13 in the range q = 3 —5A. [20]. Up to
about 210 K, the data are well described by the harmonic
model; at higher temperatures, quasielastic scattering be-
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FIG. 3. (a) Mean square displacement (u (T)) of two
glycerol isotopes derived from elastic scattering on the
high-resolution spectrometer IN13 at q = 3 —5 A, compared
to the harmonic behavior calculated from the DOS at 120 K.
The ofFset (u (0)) was taken from the DOS of glycerol-Dz
and imposed on the other curves. (b) Specific heat of ordi-
nary glycerol [17—19] shown as c~/T, again compared to the
behavior calculated from the DOS at 120K.

cv(T) = kii ( /2)'
sinh (P/2)

(4)

This can be compared directly with c„(T)data measured
in glycerol-Do [17—19,21]. As shown in Fig. 3(b), there is
good agreement over a broad temperature range. Around
and below the maximum at 9K which is directly corre-
lated with the "boson" maximum in g(w)/u differences
between glycerol-D3 and glycerol-D5 become sensible.
At lower temperatures, the integral (4) is dominated by
very-low-energy modes which cannot be experimentally
resolved. In particular, there is no chance of reproducing
the non-Debye behavior of c„(T)below 2 K, which in any
case is generally assumed to be an anharmonic eÃect that
cannot be described by (4).

(iii) Assuming a Debye behavior g(w) = 9cu2/u~~ at
very low frequencies, one can compare uD with the exper-
imentally determined longitudinal and transverse sound
velocities col and c~,

v
3+ 3(uD 18~ N (5)

In Figs. 2 and 4 we have marked with arrows the lim-
iting values g(cu)/w2 -+ 9/uDs derived from ultrasound
measurements [22,23]. At 120K, this value is in good
agreement with the DOS of glycerol-D3 but not with the
one of glycerol-D5. This may be taken as a confirma-
tion of our starting hypothesis that collective motion is
studied best in the isotope glycerol-D3. In other glasses

comes visible in the dynamic window of IN13 (FvtII'Hivi of
10 peV). It is found that the mean square displacement
is surprisingly insensitive to differences in the isotopic
composition.

(ii) Similarly, the specific heat can be calculated as an
integral,
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the iterative calculation of multiphonon scattering. For
temperatures above 243K the quasielastic scattering in-
creases so strongly that a reliable determination of g(w)
is no longer possible.

Discounting quasielastic scattering, the temperature
evolution of g(~) is in accord with the Debye frequency
calculated from ultrasonic data. The sound velocities we
use are high-frequency limiting values c, i.e. , their in-
crease does not refiect structural relaxation but rather
the regular thermal expansion and softening of a solid
on heating. We therefore tend to interprete our data
within quasiharmonic theory: even if the DOS is not in-
variable, at a given temperature the spectra can still be
explained in terms of oscillations around local equilib-
rium positions.

A similar separation of quasiharmonic and relaxational
contributions does possibly hold for other nonfragile glass
formers as well. Available data, however, do rarely ex-
tend to suKciently low-energy transfers so that a mean-
ingful extrapolation g(~ ~ 0) cannot be made.

FIG. 4. Density of vibrational states of glycerol-D3 from
measurements at different temperatures below and above
Ts ——190K, plotted as g(w)/w . The arrows mark the lim-

iting value g(u)/~ ~ 9/~z& as derived from ultrasonic data
[22,23]. The shaded area indicates schematically the onset of
quasielastic scattering in the 243 K spectra.

like silica or amorphous germanium similar agreement be-
tween the DOS, the specific heat, and the sound velocity
has been found [24,25].

On this basis, we can now investigate how the DOS
of glycerol-Ds depends on temperature. In Fig. 4, g(u)
is found temperature invariant above 5 meV within the
limits of experimental accuracy, whereas the density of
low-energy modes already begins to increase significantly
below Tg. On heating from 170 to 243 K this increase ac-
celerates more and. more. As a net eÃect, the maximum
of g(u)/w is shifting to lower frequencies. Of course,
this does not necessarily imply that all excitations con-
tained in the "boson peak" are shifting; our data rather
indicate a qualitatively difFerent behavior of modes be-
low and above roughly 5meV. A similar temperature
evolution has been observed in many difI'erent glass for-
mers [5,15]. An exception is presented by methanol, a
hydrogen-bonded glass which is chemically quite similar
to glycerol, but for which a strong temperature depen-
dence of the DOS up to at least 30 meV has been reported
[26].

Considering the temperature dependence of the low-
frequency modes more closely we can distinguish two ef-
fects: a rather steady increase of the DOS between 0 and
about 2.5 meV, and at 243K a strong additional scatter-
ing below 1meV. In our discussion of Fig. 1 in Sec. VI
we will argue that the latter is quasielastic scattering
from relaxational modes. An onset of this process is pos-
sibly observed even at 212K. It is clear that a relax-
ational broadening of the elastic line is inconsistent with
harmonic theory, and that it has to be excluded from

IV. FOURIKR TRANSFORM

The inelastic neutron scattering law is the Fourier
transform (FT) of a time correlation function S(qt). In
certain experimental situations measured data are ana-
lyzed best by explicitly transforming them into the time
domain: by Fourier deconvolution it is possible to re-
move instrumental resolution efFects, and with some ef-
fort spectra from difI'erent instruments with overlapping
dynamic ranges may be combined into one S(qt) [10].
Numerical FT of quasielastic scattering data is particu-
larly useful for a scaling analysis of the long-time decay
of S(qt) (Sec. VI).

Recently, time domain analysis has also been applied
to time-of-Hight data in the psec region [5,7]. From a
technical point of view, there is no advantage in subject-
ing those data to a numerical FT, since the instrumental
resolution has a negligible eÃect on vibrational spectra
at THz frequencies [27]. On the other hand, the time
law S(qt) describing the decay of correlations is a very
intuitive quantity, and theoretical modeling is often done
in the time domain. A numerical FT of experimental
data is by no means a trivial operation, and before pro-
ceeding to interpret the short-time behavior of S(qt) in
Sec. V, we have to consider the side efI'ects of FT in some
detail.

In glycerol and in any comparable substance, one ob-
serves significant contributions to S(20, w) up to several
10 meV. Unfortunately, this function is unphysical inso-
far as a constant detector angle 20 does not correspond
to a constant scattering vector q; in particular, S(28, t)
is a completely meaningless quantity. Before calculating
a FT, one has to interpolate the measured spectra to a
scattering law S(qw) at constant values of q. Further-
more, S(qt) can be evaluated only if the frequency spec-
trum includes the elastic channel u = 0. As illustrated in
Fig. 5, this imposes a severe restriction upon the acces-
sible energy transfers (Ru + 6meV for 8.5A. neutrons),
and this in turn implies that in the FT a considerable



4030 J. WUTTKE, W. PETRY, G. CODDENS, AND F. FUJARA

I I I I I I I I
l

I I I I I I I I

= 0.95—

0.90—

28 = 37.6 - 141.0'
I I I I I I I I I I I

5 10 15 20
%co (mev)

FIG. 5. Dynamic range of neutron scattering: the shaded
area indicates the q~ region accessible by cold neutrons of
given wavelength and for given detector angles. Only the
black subregion is used when interpolated spectra S(q~) are
Fourier transformed.

part of S(qcu) is truncated.
Mathematically a truncation at w may be described

as a multiplication with the step function

1
H((u) =

0 else.

Consequently, the numerically calculated S(qt) is a con-
volution of the true time law with

H(t) = 2~,

This function has zeros at t = jm/ur, with j
+1,+2, . . . . A numerically computed FT bears there-
fore maximum information if it is evaluated with constant
time steps At = ~j~, . This is just the spacing that is
automatically imposed by fast FT algorithms [28].

If instead of using a fast FT algorithm S(qt) is com-
puted as a continuous curve in between the equidistant
points t~ = jest, the FT behaves unpredictably. In the
best case when the S(qt~ ) vary smoothly, it provides a
reasonable interpolation; in the worst case when At is so
large that there appears a step in S(qt~ ), the continuou. s

FT produces ripples that do not re8ect the true physics
but are entirely due to the oscillatory function (7). Both
cases are illustrated by examples in Fig. 6.

In our glycerol experiment S(qcu) is truncated at about
4meV for q = 1.2A. . This truncation effect is most
apparent in S(q, t=0), calculated as 2 I Cku S(qcu). At
212 K we find only S(q, t =0) = 0.90 instead of the exact
value 1: about 10%%uo of the scattering intensity is cut off,
and the FT is not reliable below 1 psec [dashed line in
Fig. 6(a)].

There is, however, an indirect way to construct a bet-
ter approximation to the true correlation function S(qt).
Under the condition that the short-time behavior of our
sample is correctly described by harmonic theory, we may
calculate S(qt) via Eqs. (1) and (2) from the measured
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—1FIG. 6. Correlation function S(qt) at q = 1.2 A. and

T = 212K, calculated from a scattering law S(qu) that has
been obtained either directly from measured S(28, u) (dashed
line) or via g(ur) using Eqs. (1) and (2) (solid lin. es and sym-
bols). The symbols are results of a fast Fourier transform;
the lines are from continuous integration using the Filon FT
algorithm. The reconstructed S(qtd) have been truncated at
different frequencies Ru, . This 6gure demonstrates that con-
tinuous FT of insufhcient input data gives a wrong idea of the
short-time behavior of S(qt).
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FIG. 7. Time correlation function S(qt) of glycerol-Ds at

q = 1.2A. . Points between 0.6 and 15 psec are obtained by
fast FT of time-of-Bight spectra from Mibemol. Additional
points up to 150 psec are from a fragmentary backscattering
experiment that was not considered further in our quantita-
tive analysis. Dashed lines are Kohlrausch fits with P = 0.58.
The solid lines represent S(qt) as reconstructed from the DOS;
see discussion in Sec. IV and Fig. 6.

DOS g(u). We have performed the FT g(w) ~ W(qt)
with diR'erent truncations frequencies, and we find that
it is necessary to extend the Fourier integral to sev-
eral 10rneV before it becomes approximately indepen-
dent of w . Three typical curves are shown in Fig. 6.
By construction (1) all curves coincide at t = 0 where
truncation effects in 2W(qt) and 2W(qO) cancel.

For comparison, the dashed line indicates the conven-
tional S(qt) as obtained from the direct FT of interpo-
lated S(qcu) data. For times t )) 1 psec, this curve should
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coincide with S(qt) calculated from the DOS. Due to mul-
tiple scattering, however, the phonon scattering does not
follow the expected q dependence. In order to achieve
consistent results, we had to rescale q in (2) by a factor
of nearly 2. It would be desirable to check this procedure
by an appropriate multiple scattering simulation. In any
case this rescaling concerns chie8y the amplitude of the
decay steps of S(qt) and not the characteristic time de-
pendence. We are confident that S(qt) calculated from
g(cu) with truncation at Ru = 60 meV represents a better
approximation to the true correlation function S(qt) than
any ether FT proposed so far. In Fig. 7 we have included.
curves that were obtained using the same procedure for
temperatures from 120 to 293K.

V. SHORT- TIME BEHAVIOR

Mode coupling theory [3,4] predicts that correlations
in supercooled liquids decay in two steps. In a first step,
the microscopic transient crosses over to a power law

S(qt) = f, + (t/t, )-, a & 0.395. (8)

Then in a second step, structural relaxations take S(qt)
from the plateau fz to zero. In experiments on molecular
glass formers, the power law (8) has been most difficult
to verify because there is no clear-cut crossover from vi-
brations to the P-relaxation regime around fz [2].

In our earlier work on o-terphenyl, we proposed [15]
to separate both processes by deconvolution: we divided
S(qt) not just by the instrumental resolution but by
the FT of rescaled low-temperature spectra. Using the
same deconvolution ansatz, Colmenero et al. [5,7] report
that several polymers show a crossover from a diffusional
short-time transient

S(qt) oc exp( —t/tD) (9)

to the usual long-time stretched exponential [see Eq. (11)
below]. The characteristic time tD is of the order 10
for q = 1 or 1.5 A

Figure 7 shows that correlations in glycerol do, in-
deed, decay in two steps. The second decay step will
be discussed in Sec. VI. For low temperatures the first
step which is not accessible by direct FT of S(q~) has
been calculated. from the harmonic scattering law re-
constructed from the DOS. Up to at least 290K, the
two steps in the decay of S(qt) are well separated: the
intermediate plateau is reached within less than 1psec
whereas the characteristic time w in (ll) is of the order
of nanoseconds.

We have made no attempt to remove vibrational con-
tributions by deconvolution [5,7,15]. As is clear from the
above discussion, a naive FT of S(qw) does not correctly
describe the initial decay of S(qt). On the other hand,
our reconstruction of the full S(qt) relies on the assump-
tion of harmonic behavior and cannot be extended to
higher temperatures. So neither of the FT's can be em-
ployed to deconvolute vibrational contributions from a
more complicated scattering law. Consequently, there is
not much interest in fitting the exponential (9) to our

data; as far as reliable FT's can be constructed, they
definitely do not follow (9).

The data analysis in Refs. [5] and [7] was motivated in
part by the coupling approach of Ngai [29]. This ansatz
predicts an Arrhenius behavior for tD. No such tem-
perature dependence can be found in glycerol. Instead,
the short-term limit of S(qt) is temperature independent
in shape; only its amplitude increases roughly propor-
tional to temperature. Of course nothing else was to
be expected, since without performing any FT we had
demonstrated before (Fig. 1 of Ref. [8]) that S(20, u)
follows Bose scaling above 5 meV.

Similarly, for testing the mode coupling prediction (8)
nothing can be gained by explicitly Fourier transforming
the measured spectra. In our scaling analysis of suscepti-
bility spectra wS(qw) (Figs. 3 and 4 of Ref. [8]) we have
shown that in a small frequency window the data are
consistent with an asymptotic power law

S(q(u) oc (u (10)

the exponent a = 0.32 was kept fixed according to a con-
straint of mode-coupling theory. As indicated in Fig. 1, a
transient behavior (10) can also be recognized in S(q~).
On the other hand, the data set S(qt) obtained by FT is
far too incomplete to attempt a fit with (8).

VI. LONG- TIME BEHAVIOR

Structural relaxation in glycerol has been studied by an
impressive variety of experimental techniques [23,30—39]
over a wide range of frequencies and temperatures. Di-
electric susceptibility alone has been measured over six-
teen decades [40—43].

Experimental results are most often parametrized
by empirical functions like the streched exponential of
Kohlrausch-Williams-Watts,

or by similar functions in the frequency domain, even if
precise measurements reveal systematic deviations [40].
In a first approximation, the data obey time-temperature
superposition: while the relaxation time 7~ shows a
rather strong temperature dependence, the line shape of
the spectral response [in the case of (ll) represented by
a single parameter P] changes only slowly.

By neutron or light scattering we can follow structural
relaxations to much shorter times than with any tech-
nique that measures a dynamic response directly as a
function of time or frequency. The energy transfer in
quasielastic neutron scattering is of the order of the in-
strumental resolution width. For an analysis of slow re-
laxation, it is therefore preferable to Fourier deconvolute
measured spectra and analyze them in the time domain.
We refer back to Fig. 7 for a display of S(qt).

Since the dynamic window of individual spectra
is restricted to about one-and-a-half decades, three-
parameter fits (11) often yield inconsistent results or
unacceptable error bars. Meaningful output can be
obtained only if some constraints are imposed upon
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the parameters. As in previous neutron scatter-
ing studies of structural relaxation [44—48], we use
time-temperature superposition, i.e. , we assume a
temperature-independent Kohlrausch exponent P. Pre-
liminary fits indicate that the relaxation time follows the
usual viscosity scaling

r~(T) oc g/T. (12)

0.75—

O
CO

0.25 ——

10

1 1000
t/~(T) (psec)

PIG. 8. Master curves S(qt)/A~ vs rescaled time
t = t/r(T) Different symbo. ls correspond to temperatures
from 270 to 413K. The time scale w(T) oc rI/T has been
taken from viscocity measurements [22,54,55], with an arbi-
trary normalization r(300 K) = 1. Prom a Kohlrausch fit
(solid lines), an exponent P = 0.53 is found; if the 413K data
are excluded (dotted lines), P = 0.58 is obtained. In the inset,
the mean relaxation time (7) is plotted against q; the straight
line is a power-law fit (r) oc q

Under the assumption that this scaling holds over the
whole temperature range, we obtain for each q one master
curve S(q, t/7 (T))/Aq(T). Two such curves are shown
in Fig. 8. With increasing temperature, the amplitudes
Aq(T) which have been chosen by minimizing the squared
difFerence between rescaled spectra show a regular de-
crease as was previously observed in the Debye-Wailer
factor [20].

Fitting the master curves with (11)we obtain a slightly
q-dependent exponent P~ = 0.53 + 0.02. However, our
data set does not allow us to decide whether time-
temperature superposition holds over the whole temper-
ature range 270 —413K. If the highest temperature is ex-
cluded, limiting the fit to the 270 —363 K data, a sensibly
different Pz

——0.58 + 0.02 is obtained (Fig. 8). This devi-
ation may illustrate the limitations of time-temperature
scaling.

In fact, from dielectric loss measurements it is known
that the temperature dependence of the Kohlrausch ex-
ponent is not negligible at all: for temperatures between

185 and 320K, P was found to rise from about 0.62 to
0.85 [41,43]; another group [42] has reported values be-
tween 0.56 and 0.74. Furthermore, this comparison sug-
gests strongly that the relaxational stretching in inco-
herent neutron scattering and in dielectric loss is not the
same. From the overall frequency dependence of e"(cu)
one actually has to conclude that dielectric spectroscopy
in glycerol does not probe the same dynamics as neutron
and light scattering [43].

The inset in Fig. 8 shows the average relaxation time

dt S(qt) = r(1/P)

as a function of q. Results from both fits (including or
excluding the 413K data) coincide within the size of the
symbols. The straight line is a power-law fit (r) oc q—1
with n = 2.2. Of course the range of 0.7 —1.3A. is
not sufFicient to safely establish a scaling behavior in
q. It can be stated, however, that our data contradict
the relation n = 2/P observed in a number of polymers
[7,49,50]. It cannot be excluded that the power law is
simply (7) oc q, but it might also be speculated that
there is a crossover between two asymptotic regimes, or
that the true physics is even more complicated. Fur-
ther experiments and improved multiple scattering sim-
ulations are needed to assess the apparently difFerent q
dependence of structural relaxation in molecular glass
formers and their polymeric counterparts.

Before closing this section, let us consider briefly an
alternative method of data analysis. Instead of con-
verting experimental data into a deconvoluted time law

S(qt), it is possible to numerically Fourier transform the
Kohlrausch function and to explicitly convolute it with
the measured resolution function. Fits between 293 and
413 K (with fixed exponent P = 0.58) are shown in Fig. l.
For lower temperatures, the Kohlrausch function is so
sharply peaked. that the convolution with the instrumen-
tal resolution produced artificial spikes. The figure sug-
gests nevertheless that there is quasielastic broadening
down to 243 K, as anticipated in our discussion of Fig. 4
in Sec. III. A rough estimate of time scales indicates that
this process is not ordinary structural relaxation. Its en-
ergy and temperature actually fall in the small subrange
in which the susceptibility wS(qw) was found to be con-
sistent with the mode coupling P scaling [8].

From a technical point of view, Fig. 1 gives an impres-
sive demonstration that the possibility to observe slow
dynamics on a given instrument depends not so much on
its nominal resolution, usually defined as the width at
half the maximum, but rather on the signal-to-noise ra-
tio and the sharpness of the resolution function at 10
or 10 the maximum value.

VII. CONCLUSIONS

Glycerol has proved once again to be a good model
system for the study of the glass transition: the time
correlation function decays in two distinct steps, and
both asymptotic regimes follow comparatively simple
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laws with no remarkable anomalies.
For high temperatures and low frequencies, structural

relaxation is well described by the Kohlrausch law. Time-
temperature superposition is obeyed up to temperatures
far above the melting point. In the low-temperature,
high-frequency limit, inelastic spectra can be explained
in terms of harmonic oscillations. The vibrational density
of states is in good agreement with other experimental
data.

For an intermediate regime (temperatures around T~
or above, energy below 5 meV) we have argued that the
enhanced inelastic scattering might be explained by a
rather unspectacular softening of collective modes. It
is clear that this quasiharmonic ansatz as well as ev-
ery other theory which starts from fIuctuations around
equilibrium positions must break down when long-ranged
transport sets in. But it is a nontrivial result that quasi-
harmonic theory seems to hold nearly as long as there is
no clearly distinguishable relaxational process.

In other words, the mode coupling P relaxation region
is rather small, if it exists at all [8,51], and the crossing
over from vibrations to relaxations occurs much faster
in glycerol than in other molecular liquids. In this situa-
tion, we cannot expect to extract much additional knowl-
edge about the molecular motion from the small sub-
range of S(qu) that connects the two asymptotic regimes.
Of course it would be nice to possess an interpolation
formula fitting the whole scattering law. Buchenau et
al. [6,7] have published a new model for the vibration-
relaxation crossover which, however, cannot account for
structural relaxation, and therefore does not fit polymer
data [7, Fig. 11]. In the coupling model of Gochiyaev et
al. [52,53], exponential relaxation is assumed, but more
realistic functions like (11) could easily be included in

their ansatz. Attempts to fit our spectra with this model
remain inconclusive.

Overlooking the whole set of measured spectra, we
have obtained a fairly complete and coherent picture of
the tu dependence of S(qw). The same does not hold for
the q dependence. In Sec. III we have mentioned that in-
elastic intensities deviate from the expected q behavior.
This seems to be an experimental problem one can hope
to resolve by the use of thinner samples and advanced
multiple scattering corrections. There is a more inter-
esting question about the characteristic time of struc-
tural relaxation. Even in the case of o-terphenyl where
extensive experimental data are available [46], it is still
unclear whether relaxation times scale with q or q
[50]. Our results for glycerol suggest that possibly neither
simple law is correct. Further experiments over wider q
ranges are needed to decide whether the q dependence
reveals a significant, unexpected difFerence between low
molecular weight and polymeric glass formers.
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