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We report on inelastic neutron scattering measurements of fully deuterated glassy glycerol at temperatures
between 15 K to 180 K. Incident energies of 40 and 100 meV and momentum transfers up to'12 Å21 were
used. Analysis of the static structure factor calculated as the zeroth-frequency moment ofS(Q,v) enabled us
to derive valuable structural information on the intra- and intermolecular correlations. Generalized frequency
distributions are derived from the spectra and are used to calculate the relevant thermodynamic properties of
the material using a quasiharmonic approximation. Estimates are also made for the first order anharmonic
effects. Some wave-vector-dependent effects, such as the reduced frequency moments ofS(Q,v) are also
evaluated, and their physical meaning discussed in some detail.@S1063-651X~96!03405-8#

PACS number~s!: 61.25.Em, 65.40.1g, 61.43.Fs, 63.50.1x

I. INTRODUCTION

During the last decades a good number of studies regard-
ing the dynamics of supercooled liquids and the glass tran-
sition as monitored by several means~static and dynamic
specific heat measurements@1–3#, optical relaxation studies
@4, 5#! have been carried out using glycerol as a benchmark
material. It shows a calorimetric liquid-glass transition at
Tg5185 K, and exhibits a very low rate of nucleation for-
mation, making amenable its study within the supercooled
state over long periods of time. However, it suffices to see
most of the work carried out in recent times to realize the
dearth of available information regarding structural and dy-
namic correlations at microscopic scales. Notable exceptions
to this are constituted by some diffraction work@6–8#, as
well as computer molecular dynamics simulations@9#. The
information derived from the former set of studies is, how-
ever, somewhat inconclusive due to a number of assumptions
introduced to simplify the analysis of the diffraction patterns
@10#, and on the other hand, the computer calculations were
carried out using a rather small system size~32 molecules in
a cubic cell! thus making difficult a direct comparison with
experimental magnitudes. In particular, significant difficul-
ties were encountered when trying to separate inter- and in-
tramolecular correlations from the experimental diffraction
pattern. However it is the very peculiar behavior of such
material, that is, its strongly enhanced stability once super-
cooled and relatively large viscosity when compared with
other low molecular weight materials, which provides a
rather direct indication of the relevant role of interparticle
interactions. In fact, such distinctive behavior, has been no-
ticed even at mesoscopic scales as explored by light scatter-
ing @11–13# and dielectric relaxation@14#, where in contrast
with other materials, significant deviations from the idealized
simple liquid behavior have been reported. Our aim is thus to
contribute towards the knowledge of the underlying micro-
scopic forces which drive such an anomalous behavior by
means of the study of some static and dynamical properties
at scales of a few picoseconds and angstroms.

In this work, we report on the inelastic neutron scattering
data on the glassy deuterated glycerol, from which we extract
wave-vector-dependent structural and dynamical informa-
tion. From the structural data, the information regarding
static correlations is referred to that of the crystalline phase
calculated from lattice dynamics, as well as with previous
experimental data for the liquid phase. We also derive struc-
tural molecular parameters that are free from some of the
uncertainties that riddled previous measurements. The dy-
namics of the glassy phase are compared with results regard-
ing the orientationally averaged excitations occurring in the
parent crystal@15#. Connection with macroscopic measure-
ments is made through the calculation of the constant pres-
sure specific heat which is compared with calorimetric mea-
surements, with special attention paid to the anharmonic
contributions. These results on the thermal properties are an
extension of those reported in a previous communication
@15#. In the earlier measurements a hydrogenous sample was
used so that only incoherent scattering was recorded, and the
measurement was made over a much smaller range of fre-
quencies. On the other hand, the present measurements ex-
tend those of Wuttkeet al. @13# to higher frequencies and
wave-vectors as far as the glassy solid is concerned, a fact
that in conjunction with the availability of an absolute fre-
quency scale provided by the crystal frequency distribution
serves to assign some of the features in the generalized fre-
quency distributions discussed by those authors.

II. EXPERIMENTAL DETAILS AND DATA PROCESSING

The experiment was carried out on the MARI spectrom-
eter at the ISIS pulsed neutron source at the Rutherford
Appleton Laboratory in Oxfordshire. The sample was made
of deuterated glycerol and the glassy solid was produced by
a fast thermal quench of the room temperature liquid. The
sample holder was a cylindrical annulus made of aluminum
with dimensions, 4 cm high, 4 cm inner diameter, and 4.3 cm
external diameter. Measurements were made at 15, 80, 116,
150, and 180 K at 40 meV incident neutron energy. A mea-
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surement at 100 meV and 15 K was also made, which al-
lowed us to cover a momentum transfer range up to 8
Å 21, in the first case and up to 12 Å21, in the second.
Empty can and vanadium normalization runs were also
made, and standard multiple-scattering and correction proce-
dures were followed. The resulting data was then unfolded
from the effects of resolution by means of a maximum en-
tropy procedure@16#.

From the measured double differential cross section the
dynamic structure factorS(Q,v) is obtained by making use
of the standard data reduction package at MARI as,

scohS~Q,v!1s incSS~Q,v!54p
k0
k

d2s

dVdE
~1!

corresponding to momentum- and energy transfers defined
by \Q5\(k02k), \v5\2(k0

22k2)/2m, given in terms of
the incident and final wave-vectors and the neutron mass.
Notice that the inclusion of both coherent and incoherent
parts in the measured cross section arises from the sizeable
amount of the latter type of scattering since
scoh/s inc54.533. Since the single-particle dynamic struc-
ture factorSS(Q,v) was known from a previous work@15# a
separation of this contribution for the total response enabled
us to isolate the coherent responseS(Q,v). This was a cru-
cial step, specially for the wave vectors well belowQp @i.e.,
corresponding to the first maximum inS(Q)#, where the in-
coherent response becomes comparable or larger than the
coherent one.

Once a corrected estimate for the dynamic structure factor
is obtained, several relevant quantities can be computed from
the spectra. In particular, estimates for the normalized fre-
quency moments,

^vn&5E
2`

`

dvS~Q,v!vn/S~Q!, ~2!

with

E
2`

`

dvS~Q,v!5S~Q!, ~3!

can be derived from the measured data. The zeroth-
frequency moment, which is the quantity that normalizes all
the higher order terms simply becomes theS(Q) static struc-
ture factor, and the one forn52 can be interpreted in terms
of physical frequencies characterizing the propagation of col-
lective excitations. Under the present measurement condi-
tions the 100 meV incident energy runs cover aQ range
which stretches up to 12 Å21

, which is exactly the same as
that of Champeneyet al. @6#, and is only some 4 Å21 shorter
than the one of Garawi, Dore, and Champeney@7#.

To allow comparison with spectra calculated for the crys-
talline solid by means of a lattice dynamical model described
in our previous communication, the coherent response was
expressed as current-current correlations,

Jl~Q,v!5v2S~Q,v!/Q. ~4!

The choice of such a function is motivated by the fact that in
the low-damping limit, that is when thevQ bare frequencies
of the collective excitations are smaller than theirGQ damp-

ing coefficients, then the maxima inJl(Q,v) may be identi-
fied with theVQ5(vQ

2 1GQ
2 )1/2 dressed frequencies which

can then be analyzed in terms of velocities of propagating
plane waves.

Frequency spectrum

The estimation of aZ(v) generalized frequency spectrum
can be achieved even if the sample is composed by the
coherent-scattering nuclei. In such a case, several alterna-
tives have been proposed in the past@17# which serve to
average out the substantialQ dependence readily apparent in
the structure factor of such samples. In the present case, we
wish to illustrate a route which, apart from enabling the deri-
vation of the frequency distribution, also serves to estimate
the multiexcitation contributions on a self-consistent ground.
The starting point of the present derivation is constituted by
the standard phonon expansion following the incoherent ap-
proximation

S~Q,v!5e22W(
n50

`
1

n! F\Q
2

6M Gnun~v!, ~5!

in which the one-phonon term is

u1~v!5
Z~v!

v
@n~v!11#, ~6!

whereW is the Debye-Waller factor,M is the molecular
mass,n(v) is the occupation number, andZ(v) the sought
density of states. A normalization condition is established for
u1(v), from the expression for the Debye-Waller factor

2W5
\Q2

6M E
2`

`

dv
Z~v!

v
n~v!5

1

3
^u2&Q2, ~7!

in which ^u2& is the average atomic mean-square displace-
ment ~taken as 0.02 Å2 for T515 K @15#!, so

\

2ME
2`

`

dvu1~v!5^u2&. ~8!

If we make a more careful evaluation for the one-phonon
term, without making resource to the incoherent approxima-
tion, it is still possible to get a simple expression as shown
by Buchenau@18#

S~1!~Q,v!5e22W
\Q2

6M
u1~v!S~0!~Q!, ~9!

in which S(0)(Q) is the elastic structure factor. This is a
zero-order approximation as shown by Vineyard@19#, which
will hold in most of our energy-transfer range, whereas in the
low frequency sound-wave regime the termS(0)(Q) should
be replaced by an average aroundQ in a range given by
v/c ~c being the sound velocity! which will be narrow
enough to make Eq.~9! still valid.

Then-phonon terms are obtained through the convolution

un~v!5E
2`

`

dv8un21~v2v8!u1~v8!. ~10!
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An energy-transfer kernel is then calculated by taking an
average over all measured angles. This averages out the co-
herent effects and makes the incoherent approximation hold.
The resultant expression for such a kernel becomes

S~v!5 (
n50

`
1

n!
Cn~v!un~v!, ~11!

whereCn(v) stands for the angle-average

Cn~v!5 K e22W~F,v!F\Q2

6M GnL
F

. ~12!

The data pertaining toS(v) at different temperatures is
shown in Fig. 1 and corresponds to the set measured using an
incident neutron energy of 40 meV. To obtain the density of
states from the experimental data, we make use of a recur-
sive calculation, to evaluate the multiphonon terms. In the
first step, we use the experimental data as an approximation
for the one-phonon term, making use of Eq.~9!

KK Sexp~Q,v!

e22W~Q!Q2S~0!~Q! L
F

5u1
~0!~v!, ~13!

whereK is a normalization constant obtained from Eq.~7!,
and calculate the multiphonon terms from Eq.~10!, thus al-
lowing one to define the correction factorf (v) as the ratio of
the multiphonon terms over the single one

S~v!5v1~v!1vm~v!5v1~v!@11 f ~v!#, ~14!

where

f ~v!5
vm~v!

v1~v!
, ~15!

v1(v) stands for the one-phonon term, andvm(v) for the
total multiphonon contribution. With this factor, we can re-
calculateu1 as

u1
~1!~v!5

u1
~0!~v!

11 f ~v!
. ~16!

This process converges after four or five iterations, and be-
comes comparable in efficiency to the one described in@20#
which applies to incoherent-scattering samples only. The fi-
nal value foru1 applied in Eq.~6! yields the desiredZ(v).
In Fig. 2 we show the calculatedZ(v) curves for the differ-
ent temperatures as measured with 40 meV of incident en-
ergy, and in the inset~a!, for the scattering data at 15 K and
100 meV incident energy, where we also show the mul-
tiphonon contribution. A comparison of the present data with
the recently published results on low-frequency inelastic
scattering in partially deuterated glycerol@13# seems in or-
der. There, glycerol-D3 ~the OH hydroxyls are deuterated!
and glycerol-D5 ~the hydrogens of the methylene CH2 and
CH groups are here substituted by deuterium! are examined,
above and below the glass transition, with acceptable statis-
tics within a range of energy transfers up to 20 meV in the
anti-Stokes side of the spectra. The main temperature depen-
dent effect of the densities of states given in Ref.@13# re-
gards the onset of quasielastic scattering at temperatures
rather close or aboveTg which is confined to frequencies
below some 4 meV. Within the solid phase such variations
are difficult to follow since the rather restricted range of
energy transfers and somewhat low-counting rate preclude
any direct comparison of data shown in Fig. 4 of@13# with
those shown here in Fig. 2, which, as will be discussed with
some detail below, are shifted to higher frequencies as the
temperature is raised. An extra peak in glycerol-D3 , but not
so clear in glycerol-D5 at approximately 17 meV is also
observed in the cited paper. The origin of such a feature can
be ascertained from data given in@15#, where the single-

FIG. 1. Experimental data for
the energy-transfer kernel at dif-
ferent temperatures, measured
with an incident energy of 40
meV.
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molecule internal modes and the effect of their hybridization
with lattice modes is discussed. In particular, a calculation of
mode eigenvectors for a crystalline solid showed that modes
of 16.71 meV and 17.74 meV exhibited large translational
and deformational~bond-torsion! components. Since, as we
will see below, the dynamics of glass and crystal at these
frequency scales share strong similarities, the finding in the
crystalline solid should then be relevant for the glass. On the
other hand, and on empirical grounds, the fact that such a
peak is found in the compound where the CH2 and CH
groups are fully hydrogenated but not in glycerol-D5 or even
in the present experiment, can be accounted for by the fact
that in glycerol-D3 movements involving the CH2 and CH
hydrogens dominate the double differential cross section.
Therefore the derived densities of states from the measure-
ment on such samples will weight heavily all the low-
frequency bond-torsion motions, whereas measurements
where such atoms are substituted by deuterium will show far
less prominent contributions from the internal molecular dy-
namics.

III. RESULTS AND DISCUSSION

In what follows we will describe the results regarding the
space-dependent information obtained from the present ex-
periments as well as those regarding those properties deriv-
able from knowledge of the glass frequency distributions
such as the thermodynamic functions.

A. Static structure

TheS(Q) static structure factor Eq.~3! is directly obtain-
able from constant-Q integration of S(Q,v). Although
energy-integrated~diffraction! techniques are in principle
better suited to access this kind of information, in some cases
such as the present one where the neutron beam produces a
substantial vibrational excitation of the molecular internal
degrees of freedom, a significant improvement in the reliabil-

ity of the data can be gained from the analysis of theS(Q)
derived from constant-Q ~rather than constant-angle! mea-
surements. The reason for this lays in the substantial correc-
tions that need to be applied to the coherent interference
pattern@21, 22# ~i.e., the experimental phase shifts have to be
corrected since the energy-momentum conservation forces
the actualQ value to deviate from the elastic one! which
require as input the solution of the full molecular vibrational
problem. In counterposition, a measurement such as that re-
ported here only needs to account for a smooth correction to
the self-terms~i.e., those not leading to interference of the
scattered waves! which can be modeled using smooth func-
tions ofQ.

TheS(Q) so obtained is shown in Fig. 3. For its analysis,
recourse was made to the conventional formalism suitable
for the molecular materials, where the total diffraction pat-
tern is decomposed into intra- and intermolecular contribu-
tions @23#

S~Q!5 f M~Q!1DM~Q!;
~17!

f M~Q!5(
i j

bibj j 0~Qdi j !exp~2ui j
2Q2/2!F(

i
bi G22

,

wheref M(Q) is a molecular form factor~i.e., a superposition
of the j 0 Bessel functions corresponding todi j interatomic
distances between the atom pairs within the molecule,
damped by the Debye-Waller terms dependent upon theui j
thermal amplitudes of motions of atoms separated by such
distances, and weighted by thebi coherent scattering
lengths!, and DM(Q) stands for the intermolecular structure
function which is to be isolated from the total structure factor
once an adequate parametric representation forf M(Q) is
found from fits of such a model function to the large-Q por-
tion of S(Q). From there, several geometrical parameters for
the molecular configuration can be derived. The interest of
such an exercise stems from the observation made from

FIG. 2. Calculated densities of
states, obtained from the spectra
measured with an incident energy
of 40 meV. Fitted log-normal
curves are indicated with a dashed
line. Inset~a!: density of states for
the spectra at 15 K and 100 meV
incident energy, with the mul-
tiphonon contribution; inset~b!:
mean value of̂ lnv& as a function
of temperature with a fitted
straight line with a slope
aJ50.000 23 K21.
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Raman spectroscopy of the existence within the glass of dif-
ferent molecular isomers, whereas only one~a fully extended
molecular configuration! is seen in the crystal diffraction
measurements@15#.

From the f M(Q) model fits to the high-Q part of S(Q)
@i.e., forQ>7 Å21 all the intensity inS(Q) is assumed to
be originated from short-range, intramolecular correlations#,
estimates for the molecular parameters were derived and a
summary of those is given in Table I. A comparison between
the experiment and the model function can be gauged from
the graph in Fig. 3, where the resulting equilibrium molecu-
lar configuration is also shown. A look at the graph showing
the optimal molecular conformation displayed in the same
figure evidences a rather distorted structure with respect to
that of the crystal which has the form of a flattened ‘‘W’’
~i.e., the two oxygens and the three carbons being coplanar in
a fully extended configuration!.

Some comments regarding the molecular data given in
Table I are in order. First and foremost notice that as can be
judged from comparison with the two different sets reported
by Garawi, Dore, and Champeney@7# and the one of
Champeney, Joarder, and Dore@6#, the present parameters
are now close to those for an equilibrium molecular configu-
ration ~i.e., close to the standard reference values for the
bond lengths and angles!, and therefore should be taken as
more reliable than those of Refs.@7# and @6#, surely as a
consequence of the analysis in terms of the correctedS(Q)
achieved through the decomposition procedure that enabled

us to isolate intramolecular information. By implication, the
intermolecular structure factor should now be more reliable
especially regarding the atomic contacts occurring at dis-
tances comparable with the molecular dimensions. The mo-
lecular configuration reported by Garawi, Dore, and
Champeney@7# is different from the present results, mainly
as a consequence of having those authors set the parameters
specifying the dihedral angles of the second-row molecular
skeleton to the same values than those of the crystal, while
those reported by Champeney, Joarder, and Dore@6# fail to
properly describe the intermolecular contribution to the
structure factor, which causes a significant variation with the
temperature of the calculated molecular parameters. On the
other hand, a comparison with the data of Root and Stillinger
@9# regarding a molecular dynamics~MD! simulation for a
simplified molecular model~the CH2 groups are represented
as a single pseudoatom!, shows that the structure depicted in
Fig. 3 is closer to that given as optimal in Ref.@9#, although
the extent of the intra-molecular hydrogen bonding given in
that paper seems overemphasized.

In Fig. 4~a! we show the intermolecular distribution
dL(r ) @that is the Fourier transform ofQDM(Q)# obtained
from our experiment~shown as vertical bars!, compared with
the liquid structure function taken from Ref.@7# ~dash-dotted
line!, and that resulting from the lattice dynamics~LD! cal-
culations for the crystal@15#. Also indicated are the atom
pairings that originate the main peaks in the crystal distribu-
tion. We observe that the liquid and glass structure are coin-
cident fromr values of some 6 Å on, while some discrepan-
cies can be observed in the short-range region, where some
structural details are not seen in the glass probably due to a
lower experimental resolution.

The direct correlation functionrc(Q)5121/DM(Q) is

FIG. 3. Experimental structure factorS(Q), along with fitted
f M(Q). See text for details. A sketch of the molecule with the
nomenclature for Table I is included.

TABLE I. Molecular parameters. Notation is referred to Fig. 3.
Bond lengths, and most of the bond angles~i.e., all those values
marked with a dagger! were set to the standard reference values.
The fitted values for theui j interatomic mean-square displacements
are also shown. Those marked with a dagger correspond to values
set to those reported by Garawi, Dore, and Champeney@7#. The
mean-square amplitudes refer, in the case of the bond or torsion
angles, to those of distances between the outermost atoms.

Bond lengths~Å! Value ui j
2 /2 3103 Å 2

CC 1.53† 5.4
CD 1.11† 2.3†

CO 1.40† 5.6
OD 0.94† 3.8†

Bond angles~degrees! Value
C1O1D1 107.3† 10.1†

C2O2D5 107.5† 10.1†

C1C2C3 115.6 5.6
C2C1D2 109.5† 15.†

C2C1O1 109.5† 5.4†

Torsion angles~degrees! Value
D1O1C1C2 -151.2 20.
O1C1C2C3 -29.1 29.
D5O2C2D4 49.5 17.
O3C3C2C1 -46.2 29.
D8O3C3C2 -130.0 20.
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presented in Fig. 4~b!, for the glass~lozenges!, the liquid@7#
~full line! and the crystal@15#. A remarkable result regards
the coincidence in position and close agreement in the am-
plitude of the first peak which appears atQp51.49 Å21 for
the three systems, something which goes counter to some
attempts to derive significant structural information from
such a parameter@11#. In contrast, rather large differences
are found regarding the amplitude and position of peaks at a
higherQ. In fact, the strong peaks seen in the crystal func-
tion atQ51.8222.15 Å21 are only seen as a shoulder in the
liquid data and no definite feature can be identified with
them in the curve pertaining to the glass. On the other hand
the stronger peak of the crystal function appearing at
Q52.75 Å21 now has a clear analog in the glass phase
~albeit broader and with a substantially reduced amplitude!,
whereas the strong second peak in the liquid function is
shifted down by some 0.3 Å21. In the inset of the same
figure we show the quantity,

Vs~Q!5
1

15FDM~Q!Q
]rc~Q!

]Q G2 ~18!

which represents the mode-coupling vertex@24# ~i.e., ampli-
tude terms which enter the mode-coupling equations as time-

independent quantities! for the generalized shear viscosity
hs(Q,z), which can be calculated from the knowledge of the
direct correlation function. TheVs(Q) shown in the insert
displays fine structure reminiscent of that found for the crys-
tal. This result contrasts with the usual hard sphere models
normally applied in current theoretical approaches to real
liquids.

B. Space-dependent motions

From the lattice dynamics model developed in our previ-
ous communication@15# theS(Q,v) dynamic structure fac-
tor was calculated for the harmonic solid after an orienta-
tional averaging was made within the Brillouin zone and the
Debye-Waller was set to that observed atT515 K. The
spectral frequency distribution of such a model crystal
stretches up to'60 meV as a consequence of the lowest-
laying internal molecular modes which need to be accounted
for to reproduce the crystal thermodynamics at temperatures
close to Tg @15#. However, inspection of the dispersion
branches corresponding to the highest symmetry directions
showed evidence that excitations with a strong wave-vector-
dependence are confined to frequencies below 7 meV. Above
that, most branches are dispersionless. To quantify this, and
to provide a reference for theQ-dependent frequency distri-
butions in the glass, Fig. 5 shows someJl(Q,v) functions
calculated for the polycrystal and for the glass. To extend the
kinematic range as much as possible, spectra for the sameQ
values were taken from the 40 meV and 100 meV incident
energy runs. As seen from Fig. 5, a combination of spectra
from these two experiments serve to cover the required range
in the energy transfers without degrading the finite-frequency
details to an unbearable extent. The elastic peaks which for
this low temperature were basicallyd functions, were sub-
tracted from the reconstructed~unfolded! spectra which were
derived following the procedures mentioned above. Such a
step was a necessary one to carry since the tails of the
resolution-broadened elastic peak would contribute substan-
tially to Jl(Q,v).

As can readily be seen from graphs drawn in Fig. 5, at the
lower Q values~up to 1 Å21) the main difference between
crystal and glass spectra regards a substantial intensity in the
spectra of the latter at low~below some 2 meV! frequencies.
Also, the first maximum ofJl(Q,v) appears slightly down-
shifted with respect to the crystal. In opposition, above some
1 Å21 the spectra of the glass and the polycrystal are very
similar, especially with respect to the peak position, although
the peak in the glass spectra is broader. These general trends
regarding the differences between the glass and the polycrys-
tal have also been seen in a comparison between liquid and
polycrystal methanol@25#, and can be rationalized in terms
of recent results from the density functional theories of freez-
ing @26#.

To quantify these differences between both sets of spec-
tra, the square root of the second normalized frequency mo-
ment is shown in Fig. 6. The straight line drawn in the figure
corresponds to the sound waves traveling with a phase ve-
locity of 3900 m s21, ~extrapolated from the experimental
ultrasound data for the glass by Litovitz and Lyon@27#!. A
comparison between the hydrodynamic dispersion law calcu-
lated using the ultrasound data and the second frequency

FIG. 4. ~a! Intermolecular distributions for the present experi-
ment ~vertical bars!, liquid ~Ref. @7#! and crystal taken from the
lattice dynamics calculations with molecular bonds indicated.~b!
Direct correlation functions for the glass~lozenges!, liquid ~full
line!, and crystal dotted line.
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moments for the glass and crystal evidences that,

~i! The linear dispersion evidenced by the crystal^v2&1/2

below 0.3 Å21 corresponds to a velocity of some 2960
m s21. This is well below that given above for the longitu-
dinal acoustic excitations measured for the glass, but comes
reasonably close to the estimate of 2635 m s21 derived from
an orientational averaging of longitudinal and transverse
sound speeds given in Ref.@15#. In consequence, and within
such a limited range ofQ, the crystal̂ v2&1/2 can rightly be
interpreted in terms of an average physical frequency de-
scribing the propagation of sound waves.

~ii ! The second frequency moment for the glass becomes
substantially smaller than those of the crystal below some 1
Å 21 as a consequence of the contribution of low-frequency
modes in the glass data. Consequently it seems difficult to
assign a definite physical meaning to a parameter such as
^v2&1/2 than that of its usefulness to describe a frequency
distribution.

~iii ! Alternatively, a comparison between the glass and
crystal data may also be carried in terms of frequencies cor-

responding to the peak maxima inJl(Q,v); these are the
dressed frequenciesVQ referred to above. If this is done,
then as shown in Fig. 6 frequencies far closer to those where
the crystal shows their maxima are found.

In summary, what becomes clear from the present work is
that the hydrodynamic region, where sound excitations are
expected to follow a linear dispersion law, would be con-
fined for the glass to a region below 0.1 Å21. This is a
region which is difficult to observe using conventional neu-
tron instrumentation, and even with present day inelastic
x-ray scattering techniques.

C. Thermodynamics

The constant-pressure specific heatCp(T), is calculated
in the quasiharmonic approximation from@28#

CP
qh~T!5GRE

2`

`

dvZ~v,T!
x2

sinh2x
, ~19!

FIG. 5. Jl(Q,v) for the polycrystal from
the LD calculation compared with the measured
corresponding values for the glass at 15 K with
40 meV incident energy~circles! and 100 meV
~full triangles!, at differentQ values shown in
the insets.
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with x5\v/2kBT, R being the gas constant, andG is the
number of degrees of freedom. The first-order anharmonic
correction, is given from the temperature dependence of the
frequency distributions following,

DCP
anh~T!52GRE

2`

`

dvZ~v,T!
x2

sinh2x F] lnv

] lnT G
P

,

~20!

where theZ(v,T) temperature-dependent densities of states
is shown in Fig. 2. Following the suggestion of Malinovsky
et al. @29#, the neutron densities of the states were analyzed
in terms of a log-normal function~see Fig. 2!,

Z~v,T!5expF2
1

2 S ln@\v/a1~T!#

a2~T! D 2G , ~21!

wherea1(T) anda2(T) are adjustable parameters. The width
a2(T) was found to be essentially constant, whereas the cen-
troid a1(T) showed a linear dependence given by
a1(T)56.85(110.0038T). The errors obtained from those
fittings range from 3% in the low-energy limit up to 6% at
40 meV. Also, data regarding the temperature dependence of
the Raman spectra discussed in a previous paper@15#, were
used to characterize the anharmonic effects for the higher
frequencies. Raman spectra, which were taken at seven dif-
ferent temperatures ranging from 8 to 190 K, showed a char-
acteristic low frequency peak~with a maximum at'8 meV!,
and strongly marked peaks at'52, 61, 68, and 83 meV, as
can be observed in Fig. 2 of Ref.@15#. Those high-frequency
peaks were fitted to Gaussians whose centroid was also ob-
served to exhibit a decrease in frequency varying linearly
with temperature. After collecting all the above mentioned
data, it was found that the spectral-frequency dependence
with temperature could be written as,

\v5\v0@11bJ~v!T#, ~22!

with bJ(v)50.004 05exp@2(\v/30)2#, where the energies
are given in meV. It was also found that the mean value of
the logarithm of the frequencies, varies linearly with the
logarithm temperature

F]^ lnv&
] lnT G

P

5aJT ~23!

with aJ50.000 23 K21, as can be seen in the inset~b! of
Fig. 2.

Taking into account these parameters,Z(v,T) can be ex-
pressed by reference to the zero-temperature extrapolated ex-
pression, as

Z~v,T!5ZS v

11bJ~v!T
,0D . ~24!

We used theZ(v,T) measured at 15 K and 100 meV inci-
dent energy as the reference, because of its wider energy
range, and applied the effective frequency transformation
given in Eq.~22! @as expressed in Eq.~24!# as a simple way
to fully describe the temperature behavior of the density of
states.

The complete expression for the specific heat is calculated
from Eqs.~25! and~20!, in which the derivative of lnv with
respect to lnT is taken in the effective way expressed in Eq.
~23!, so

CP~T!5GRE
2`

`

dvZS v

11bJ~v!T
,0D x2

sinh2x

12aJ~T!

A~T!
,

~25!

whereA(T) is an area renormalization constant forZ(v),
which varies asA(T)5110.000 15T.

In Fig. 7, we show the totalCP value, as well as the
quasiharmonic approximation compared with the experimen-
tal calorimetric results@1#. A value of 20 was chosen for G,
so that the quasiharmonic expression approaches 20 R in the
high temperature limit, which is well beyond the glass tran-
sition. The errors in the evaluation of the specific heat range
from 4% at 15 K up to 7% at 150 K. In the inset of the same
figure, we show the anharmonic correction forCV . The fitted
straight line in this graph shows the behavior ofDCV

anh.

DCV
anh

GR
5A~V!T521.26031024T ~26!

which constitutes a good estimate of the leading order term
@A(V)# in the temperature expansion of the anharmonic cor-
rection for the specific heat and the entropy.

It is also interesting to assess the temperature dependence
of the Grüneisen parameter, to relate it to the system anhar-
monicity

g5
bVKT

CV
, ~27!

whereb is the volume coefficient of the thermal expansion,
and KT the isothermal bulk modulus of elasticity. We can
express it also in relation to thejth independent contributions
to the specific heat as

gCV5(
j51

n

g jCj ~28!

FIG. 6. Calculated~square root of the! second normalized fre-
quency moments for the crystal~LD calculation, full triangles! and
measured for the glass at 15 K~circles!. The line corresponds to the
sound dispersion curve for the glass extrapolated at this tempera-
ture, and crosses indicate the position of the maxima in the
Jl(Q,v) for the glass.
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from which we may separate it as a quasiharmonic and an
anharmonic contribution@30#

gCV5gqhCV
qh1ganhCV

anh. ~29!

We evaluatedg andgqh from the thermodynamic param-
eters extracted from Ref.@27# and also theganh, which is
shown in Fig. 8. The range of temperatures in which the data
are presented corresponds to that in which the thermody-
namic parameters were available. We were also able to
evaluate the volume variation ofA(V), through the relation

A~V!

A~V0!
5S VV0

D g anh

, ~30!

which is shown in the inset of the same figure. We observe
that its variation in the glass temperature range is in the order
of one per thousand.

IV. CONCLUSIONS

By means of an inelastic neutron scattering experiment on
glassy D glycerol we were able to study its static structural
aspects, as well as its main collective dynamical features.
From the structural point of view, we obtained a set of pa-
rameters defining the molecular geometry in the glassy state,
which differs from that of the crystal, stressing the fact made
out from the Raman experiments on the existence of differ-
ent monomers in the glassy state. Some meaningful observa-
tions on the intermolecular structure could also be extracted.
No significantly large differences in the short-range intermo-
lecular structure between liquid and glass were found, and as
a matter of fact, even the reduction in ‘‘correlation length’’
upon melting the glass is remarkably modest ('17 Å in the
glass versus'15 Å for the liquid @5#!.

The coincidence in the position of the first peak in the
rc(Q) direct correlation function for the crystal, the liquid,

FIG. 7. ExperimentalCP values from Ref.
@1#, compared with the calculation for the total
CP according to Eq.~25! and its quasiharmonic
contribution. Inset: the full line shows the detail
of the anharmonic correction and the dotted line
the fitted linear relation from Eq.~26!.

FIG. 8. Grüneisen parameterg, and its quasi-
harmonic and anharmonic contributions. Inset:
the relative variation of the leading term in the
anharmonic expansion of the specific heatA(V).
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and the glass seems of special relevance in the light of the
present debates about the physical meaning of the parameters
characterizing the first diffraction peak and follows that
found for some archetypal glasses~silica @32#! which have
been recently reexamined in the light of a pseudocrystalline
model. The present results show that the significant differ-
ences in the long-range order between the three systems do
not translate into substantial changes in the parameters re-
garding the first peak but rather in peaks and valleys at
higher momentum transfers.

Comparison of the dynamical information derived for the
glass by experimental means and that corresponding to the
crystal from the LD calculation, showed that many features
regarding excitations of lattice origin are still present in the
glass phase. As a matter of fact, comparison of the wave-
vector-dependent frequency distributions as represented by
the Jl(Q,v) correlation functions, show that apart from the
far broader shape of that functions for the glass, the main
difference regards a redistribution of spectral power towards
lower frequencies which become rather evident for the glass
for wave-vectors below some 1 Å21. Above such momen-
tum transfers, theQ-dependent frequency distributions be-
come comparable as judged by the second reduced frequency
moment. The similarity of shapes ofJ(Q,v) of the crystal-
line powder and the glass shown in Fig. 5 seems to lend
some support to results from the density functional

theory of freezing@26#, where the characteristic shapes of
phonon spectra in a hot crystal are shown to be related to that
of the normal liquid. Such relationships between the spectra
of powder and glass are also reminiscent of those recently
expressed by Wolfet al. @33# in a computer simulation of a
material in glassy and nanocrystalline forms.

Starting from the microscopic data obtained from our neu-
tron scattering data, we were able to perform a calculation of
the constant pressure specific heat, as well as a detailed
evaluation of the anharmonic contribution, through a tem-
perature parametrization of the densities of states obtained in
combination with Raman scattering data. A good agreement
with calorimetric data on the glassy phase was obtained. Fur-
ther thermodynamic calculations were carried out, especially
the leading order term in the anharmonic correction of the
entropy A(V) ~observed to be almost constant!, which is
negative and in the same order of magnitude observed in
crystals @31# ~e.g., 21.031024 K 21 for lead, and21.9
31025 for aluminum!.
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