PHYSICAL REVIEW E VOLUME 53, NUMBER 5 MAY 1996

Coherent neutron scattering response from glassy glycerol

J. Dawidowskil F. J. Bermejo! R. Fayos! R. Fernadez Pered, S. M. Benningtor? and A. Criadd
Ynstituto de Estructura de la Materia, Consejo Superior de Investigaciones fiiesti Serrano 123, E-28006 Madrid, Spain
2ISIS Pulsed Neutron Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX110QX, United Kingdom
Departamento de Bica de la Materia Condensada e Instituto de Ciencia de Materiales de Sevilla, Consejo Superior de Investigaciones
Cientficas, Box 1065, E-41080 Sevilla, Spain
(Received 21 November 1995; revised manuscript received 12 January 1996

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-Ug th ! were
used. Analysis of the static structure factor calculated as the zeroth-frequency morsé@t @) 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 mon&Qisw)fare also
evaluated, and their physical meaning discussed in some d&a63-651X%96)03405-§

PACS numbep): 61.25.Em, 65.40:g, 61.43.Fs, 63.50:x

I. INTRODUCTION In this work, we report on the inelastic neutron scattering
data on the glassy deuterated glycerol, from which we extract
During the last decades a good number of studies regaravave-vector-dependent structural and dynamical informa-
ing the dynamics of supercooled liquids and the glass trantion. From the structural data, the information regarding
sition as monitored by several mea(static and dynamic static correlations is referred to that of the crystalline phase
specific heat measuremerfiis-3|, optical relaxation studies calculated from lattice dynamics, as well as with previous
[4, 5]) have been carried out using glycerol as a benchmarkxperimental data for the liquid phase. We also derive struc-
material. It shows a calorimetric liquid-glass transition attural molecular parameters that are free from some of the
T,=185 K, and exhibits a very low rate of nucleation for- uncertainties that riddled previous measurements. The dy-
mation, making amenable its study within the supercooledamics of the glassy phase are compared with results regard-
state over long periods of time. However, it suffices to sedngd the orientationally averaged excitations occurring in the
most of the work carried out in recent times to realize theparent crysta[15]. Connection with macroscopic measure-
dearth of available information regarding structural and dy-ments is made through the calculation of the constant pres-
namic correlations at microscopic scales. Notable exceptiorsure specific heat which is compared with calorimetric mea-
to this are constituted by some diffraction woig—8], as  surements, with special attention paid to the anharmonic
well as computer molecular dynamics simulatig@$ The  contributions. These results on the thermal properties are an
information derived from the former set of studies is, how-extension of those reported in a previous communication
ever, somewhat inconclusive due to a number of assumptiodd 5]- In the earlier measurements a hydrogenous sample was
introduced to simplify the analysis of the diffraction patternsused so that only incoherent scattering was recorded, and the
[10], and on the other hand, the computer calculations werg1easurement was made over a much smaller range of fre-
carried out using a rather small system <22 molecules in  quencies. On the other hand, the present measurements ex-
a cubic cel) thus making difficult a direct comparison with tend those of Wuttkeet al. [13] to higher frequencies and
experimental magnitudes. In particular, significant difficul- wave-vectors as far as the glassy solid is concerned, a fact
ties were encountered when trying to separate inter- and irthat in conjunction with the availability of an absolute fre-
tramolecular correlations from the experimental diffractionquency scale provided by the crystal frequency distribution
pattern. However it is the very peculiar behavior of suchserves to assign some of the features in the generalized fre-
material, that is, its strongly enhanced stability once superquency distributions discussed by those authors.
cooled and relatively large viscosity when compared with
other low molecular weight materials, which provides a eypER|MENTAL DETAILS AND DATA PROCESSING
rather direct indication of the relevant role of interparticle
interactions. In fact, such distinctive behavior, has been no- The experiment was carried out on the MARI spectrom-
ticed even at mesoscopic scales as explored by light scattegter at the ISIS pulsed neutron source at the Rutherford
ing [11-13 and dielectric relaxatiofl4], where in contrast Appleton Laboratory in Oxfordshire. The sample was made
with other materials, significant deviations from the idealizedof deuterated glycerol and the glassy solid was produced by
simple liquid behavior have been reported. Our aim is thus t@ fast thermal quench of the room temperature liquid. The
contribute towards the knowledge of the underlying micro-sample holder was a cylindrical annulus made of aluminum
scopic forces which drive such an anomalous behavior byvith dimensions, 4 cm high, 4 cm inner diameter, and 4.3 cm
means of the study of some static and dynamical propertiesxternal diameter. Measurements were made at 15, 80, 116,
at scales of a few picoseconds and angstroms. 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 aling coefficients, then the maxima h(Q,») may be identi-

lowed us to cover a momentum transfer range up to 8ied with theQQ:(wé+Fé)1’2 dressed frequencies which

A~ in the first case and up to 12 A&, in the second. can then be analyzed in terms of velocities of propagating
Empty can and vanadium normalization runs were alsglane waves.
made, and standard multiple-scattering and correction proce-

dures were followed. The resulting data was then unfolded Frequency spectrum
from the effects of resolution by means of a maximum en- ) ) ]
tropy procedurd16]. The estimation of @(w) generalized frequency spectrum

From the measured double differential cross section théan be achieved even if the sample is composed by the
dynamic structure factoB(Q, ) is obtained by making use coherent-scattering nuclei. In such a case, several alterna-

of the standard data reduction package at MARI as, tives have been proposed in the ppst] which serve to.
average out the substantf@ldependence readily apparent in
ko d?c the structure factor of such samples. In the present case, we

Teo(Q, @) + 0incSs(Quw) =47~ 5o = (1) wish to illustrate a route which, apart from enabling the deri-
vation of the frequency distribution, also serves to estimate

corresponding to momentum- and energy transfers defineifle multiexcitation contributions on a self-consistent ground.
by Q=% (ky—Kk), hwzhz(kg—kZ)IZm, given in terms of  The starting point of the present derivation is constituted by
the incident and final wave-vectors and the neutron masghe standard phonon expansion following the incoherent ap-
Notice that the inclusion of both coherent and incoherenfroximation
parts in the measured cross section arises from the sizeable w
amount of the Ilatter type of scattering since S(Q w)=e‘2w2 i
Oconl oine=4.533. Since the single-particle dynamic struc- ' n
ture factorSg(Q, w) was known from a previous wofl 5] a
separation of this contribution for the total response enableth which the one-phonon term is
us to isolate the coherent respor¥€), ). This was a cru-

n

% 2
3 Un(@), 5

6M

cial step, specially for the wave vectors well bel@ [i.e., _Z()

corresponding to the first maximum 8(Q) ], where the in- Uy() ) [n(w)+1], ®)
coherent response becomes comparable or larger than the

coherent one. where W is the Debye-Waller factorM is the molecular

Once a corrected estimate for the dynamic structure factomass,n(w) is the occupation number, af{w) the sought
is obtained, several relevant quantities can be computed frogiensity of states. A normalization condition is established for
the spectra. In particular, estimates for the normalized freu;(w), from the expression for the Debye-Waller factor
guency moments,

hQ% (> Z(w) 1
- 2W= | do——n(w)=3(u?)Q* (V)
()= | dosQwesQ), @ -
. in which (u?) is the average atomic mean-square displace-
with ment(taken as 0.02 A for T=15 K [15]), so
oo ﬁ o)
| dos-s@. @ o[ dwwr=qut). ®

can be derived from the measured data. The zeroth- ¢\ e make a more careful evaluation for the one-phonon

frequency moment, which is the quantity that normalizes alkg *\yithout making resource to the incoherent approxima-
the higher order terms simply becomes 8{®) static struc- o, 't js still possible to get a simple expression as shown
ture factor, and the one far=2 can be interpreted in terms by Buchenay18]

of physical frequencies characterizing the propagation of col-
lective excitations. Under the present measurement condi- #Q?
tions the 100 meV incident energy runs covearange S(l)(Q,w)=972WWU1(60)3(0)(Q), 9
which stretches up to 12 &, which is exactly the same as
that of Champenegt al. [6], and is only some 4 A shorter iy which SO(Q) is the elastic structure factor. This is a
than the one of Garawi, Dore, and Champefigly zero-order approximation as shown by Vineyft@|, which
To allow comparison with spectra calculated for the crys-yi| hold in most of our energy-transfer range, whereas in the
talline solid by means of a lattice dynamical model describeq,,,, frequency sound-wave regime the te8#)(Q) should
in our previous communication, the (_:oherent response Wase replaced by an average arou@din a range given by
expressed as current-current correlations, w/c (c being the sound velocitywhich will be narrow
_ 2 enough to make Eq9) still valid.
N(Q0)=0"S(Q,0)/Q. @ Then-phonon terms are obtained through the convolution
The choice of such a function is motivated by the fact that in
the low-damping limit, that is when theq bare frequencies U (@)= fx do’U, (0— o' uy(e"). (10)
of the collective excitations are smaller than thieiy damp- —o
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An energy-transfer kernel is then calculated by taking an,(w) stands for the one-phonon term, angl(w) for the
average over all measured angles. This averages out the a@tal multiphonon contribution. With this factor, we can re-
herent effects and makes the incoherent approximation holéalculateu; as
The resultant expression for such a kernel becomes o)
uy ()

1+f(w)’ (16)

1 uit(w)=
S(©)= 2 - Cal@)up(w), (12)
" This process converges after four or five iterations, and be-
comes comparable in efficiency to the one describd@h
which applies to incoherent-scattering samples only. The fi-

n nal value foru,; applied in Eq.(6) yields the desired(w).
),

whereC,(w) stands for the angle-average

"Q*

oM (12 In Fig. 2 we show the calculatefl w) curves for the differ-

ent temperatures as measured with 40 meV of incident en-
ergy, and in the insdi), for the scattering data at 15 K and
The data pertaining t&S(w) at different temperatures is 100 meV incident energy, where we also show the mul-
shown in Fig. 1 and corresponds to the set measured using @phonon contribution. A comparison of the present data with
incident neutron energy of 40 meV. To obtain the density ofthe recently published results on low-frequency inelastic
states from the experimental data, we make use of a recuscattering in partially deuterated glycefdl3] seems in or-
sive calculation, to evaluate the multiphonon terms. In theder. There, glycerol-B (the OH hydroxyls are deuterated
first step, we use the experimental data as an approximaticemd glycerol-B; (the hydrogens of the methylene Grind
for the one-phonon term, making use of Eg) CH groups are here substituted by deutepiwme examined,
above and below the glass transition, with acceptable statis-
S¥Q,w) tics within a range of energy transfers up to 20 meV in the
K< & WG (Q) >¢

Cn(w) — < e 2W(D,w)

= u(lO)(w)’ 13 anti-Stokes side of the spectra. The main temperature depen-
dent effect of the densities of states given in Raf3] re-
. o . gards the onset of quasielastic scattering at temperatures
whereK is a normallzqtlon constant obtained from Ka), rather close or abov@&, which is confined to frequencies
and_ calculate thg multiphonon _terms from @), thus_ al- below some 4 meV. Within the solid phase such variations
lowing one to define the correction facttfw) as the ratio of 56 gifficult to follow since the rather restricted range of
the multiphonon terms over the single one energy transfers and somewhat low-counting rate preclude
any direct comparison of data shown in Fig. 4[&8] with
S(w)=vy(0)tvm(@)=vi(@)[1+f(@)], (14  {hose shown here in Fig. 2, which, as will be discussed with
some detail below, are shifted to higher frequencies as the
where temperature is raised. An extra peak in glyceral;but not
so clear in glycerol-3 at approximately 17 meV is also
f(w)= Um(®) (15) observed in the cited paper. The origin of such a feature can
vi(w)’ be ascertained from data given [it5], where the single-
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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; insei(b):
mean value ofInw) as a function
of temperature with a fitted
straight line with a slope
;=0.000 23 K1,

Z(®)(meV'Y)

molecule internal modes and the effect of their hybridizationity of the data can be gained from the analysis of $(6)
with lattice modes is discussed. In particular, a calculation oflerived from constan® (rather than constant-anglenea-
mode eigenvectors for a crystalline solid showed that modesurements. The reason for this lays in the substantial correc-
of 16.71 meV and 17.74 meV exhibited large translationations that need to be applied to the coherent interference
and deformationa(bond-torsion components. Since, as we pattern[21, 22 (i.e., the experimental phase shifts have to be
will see below, the dynamics of glass and crystal at theseorrected since the energy-momentum conservation forces
frequency scales share strong similarities, the finding in théhe actualQ value to deviate from the elastic onehich
crystalline solid should then be relevant for the glass. On theequire as input the solution of the full molecular vibrational
other hand, and on empirical grounds, the fact that such problem. In counterposition, a measurement such as that re-
peak is found in the compound where the £ldnd CH ported here only needs to account for a smooth correction to
groups are fully hydrogenated but not in glycero}-Br even  the self-termg(i.e., those not leading to interference of the
in the present experiment, can be accounted for by the factcattered wavesvhich can be modeled using smooth func-
that in glycerol-D; movements involving the CHand CH  tions of Q.
hydrogens dominate the double differential cross section. The S(Q) so obtained is shown in Fig. 3. For its analysis,
Therefore the derived densities of states from the measureecourse was made to the conventional formalism suitable
ment on such samples will weight heavily all the low- for the molecular materials, where the total diffraction pat-
frequency bond-torsion motions, whereas measurementsrn is decomposed into intra- and intermolecular contribu-
where such atoms are substituted by deuterium will show fations[23]
less prominent contributions from the internal molecular dy-
namics. S(Q)=fu(Q)+Dn(Q);
, 17)
Ill. RESULTS AND DISCUSSION f0(Q) = E bibjjO(Qdij)qu_uizj Qz/z)[z b; ,
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 derif!herefu(Q) is a molecular form factofi.e., a superposition

able from knowledge of the glass frequency distributionsOf the Jo Bessel functions corresponding @ interatomic
such as the thermodynamic functions. distances between the atom pairs within the molecule,
damped by the Debye-Waller terms dependent uporuthe
thermal amplitudes of motions of atoms separated by such
distances, and weighted by thle; coherent scattering
The S(Q) static structure factor Eq3) is directly obtain- lengthg, and Dy;(Q) stands for the intermolecular structure
able from constan® integration of S(Q,w). Although function which is to be isolated from the total structure factor
energy-integrateddiffraction) techniques are in principle once an adequate parametric representationf{(IQ) is
better suited to access this kind of information, in some casef®und from fits of such a model function to the lar@epor-
such as the present one where the neutron beam producesi@n of S(Q). From there, several geometrical parameters for
substantial vibrational excitation of the molecular internalthe molecular configuration can be derived. The interest of
degrees of freedom, a significant improvement in the reliabilsuch an exercise stems from the observation made from

A. Static structure
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TABLE I. Molecular parameters. Notation is referred to Fig. 3.
Bond lengths, and most of the bond angles., all those values
2] marked with a daggéemwere set to the standard reference values.
The fitted values for the;; interatomic mean-square displacements

8‘ are also shown. Those marked with a dagger correspond to values
:s set to those reported by Garawi, Dore, and Champé¢iigyThe
- mean-square amplitudes refer, in the case of the bond or torsion
a angles, to those of distances between the outermost atoms.
@ Bond lengths(A) Value uj/2 x10° A2
cc 1.53 5.4
CD 1.11° 2.3
co 1.40 5.6
oD 0.94 3.8"
Bond angleqdegrees Value
C,0,D; 107.3" 10.1°
C,0,D5 107.5 10.1
C,C,C4 115.6 5.6
C,C,D, 109.5' 15.7
C,C,0, 109.5' 5.4
Torsion anglegdegrees Value
D,0,C,C, -151.2 20.
0,C,C,Cs -29.1 29.
D:0,C,D, 495 17.
04C5C,Cy -46.2 29.
DgO3C5C, -130.0 20.

us to isolate intramolecular information. By implication, the
FIG. 3. Experimental structure fact@Q), along with fitted intermolecular structure factor should now be more reliable
fw(Q). See text for details. A sketch of the molecule with the especially regarding the atomic contacts occurring at dis-
nomenclature for Table | is included. tances comparable with the molecular dimensions. The mo-
lecular configuration reported by Garawi, Dore, and
Raman spectroscopy of the existence within the glass of difchampeney 7] is different from the present results, mainly
ferent molecular isomers, whereas only ¢adully extended as a consequence of having those authors set the parameters
molecular configurationis seen in the crystal diffraction specifying the dihedral angles of the second-row molecular
measurementil5]. skeleton to the same values than those of the crystal, while
From thefy(Q) model fits to the higlQ part of S(Q)  those reported by Champeney, Joarder, and [P®Féail to
[i.e., forQ=7 A1 all the intensity inS(Q) is assumed to properly describe the intermolecular contribution to the
be originated from short-range, intramolecular correlafijons structure factor, which causes a significant variation with the
estimates for the molecular parameters were derived and tamperature of the calculated molecular parameters. On the
summary of those is given in Table |. A comparison betweerother hand, a comparison with the data of Root and Stillinger
the experiment and the model function can be gauged frorf@] regarding a molecular dynami¢MD) simulation for a
the graph in Fig. 3, where the resulting equilibrium molecu-simplified molecular modelthe CH, groups are represented
lar configuration is also shown. A look at the graph showingas a single pseudoatgnshows that the structure depicted in
the optimal molecular conformation displayed in the sameFig. 3 is closer to that given as optimal in RE3], although
figure evidences a rather distorted structure with respect tthe extent of the intra-molecular hydrogen bonding given in
that of the crystal which has the form of a flattened “W” that paper seems overemphasized.
(i.e., the two oxygens and the three carbons being coplanar in In Fig. 4(@ we show the intermolecular distribution
a fully extended configuration d,(r) [that is the Fourier transform dpDy,(Q)] obtained
Some comments regarding the molecular data given ifirom our experimen(shown as vertical barscompared with
Table | are in order. First and foremost notice that as can béhe liquid structure function taken from Ré¥.] (dash-dotted
judged from comparison with the two different sets reportedine), and that resulting from the lattice dynami¢<D) cal-
by Garawi, Dore, and Champendy] and the one of culations for the crystaJ15]. Also indicated are the atom
Champeney, Joarder, and Ddm@], the present parameters pairings that originate the main peaks in the crystal distribu-
are now close to those for an equilibrium molecular configution. We observe that the liquid and glass structure are coin-
ration (i.e., close to the standard reference values for theident fromr values of sora 6 A on, while some discrepan-
bond lengths and anglesand therefore should be taken as cies can be observed in the short-range region, where some
more reliable than those of Reff/] and[6], surely as a structural details are not seen in the glass probably due to a
consequence of the analysis in terms of the corre&(&g) lower experimental resolution.
achieved through the decomposition procedure that enabled The direct correlation functiopc(Q)=1—-1/Dy(Q) is
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0.2 independent quantitiesfor the generalized shear viscosity
75(Q,2), which can be calculated from the knowledge of the

0.1- (a) direct correlation function. Th&¢(Q) shown in the insert
displays fine structure reminiscent of that found for the crys-
0.0 tal. This result contrasts with the usual hard sphere models
= -N,;\* normally applied in current theoretical approaches to real
=,-0.1 % v liquids.
= \L ~
-0.2 w v S g
0.3 £5 é é‘ 5 é B. Space-dependent motions
) =) 638 SEE = = = From the lattice dynamics model developed in our previ-
-0.4 S 9°‘-’|999 | e S Z ous communicatiofil5] the S(Q,w) dynamic structure fac-
0 2 4 .6 8 10 tor was calculated for the harmonic solid after an orienta-
r (A) tional averaging was made within the Brillouin zone and the

Debye-Waller was set to that observed Tat 15 K. The
spectral frequency distribution of such a model crystal

0.06 stretches up te=60 meV as a consequence of the lowest-
laying internal molecular modes which need to be accounted
0.04 for to reproduce the crystal thermodynamics at temperatures
_ close to Ty [15]. However, inspection of the dispersion
o 0.02 branches corresponding to the highest symmetry directions
:’ 0.00 showed evidence that excitations with a strong wave-vector-
a 0] dependence are confined to frequencies below 7 meV. Above

that, most branches are dispersionless. To quantify this, and
to provide a reference for th®@-dependent frequency distri-
butions in the glass, Fig. 5 shows so@¢€Q, ) functions
calculated for the polycrystal and for the glass. To extend the
kinematic range as much as possible, spectra for the &ame
° ) values were taken from the 40 meV and 100 meV incident
Q A" energy runs. As seen from Fig. 5, a combination of spectra
from these two experiments serve to cover the required range
FIG. 4. (a) Intermolecular distributions for the present experi- jn the energy transfers without degrading the finite-frequency
ment (vertical barg, liquid (Ref. [7]) and crystal taken from the details to an unbearable extent. The elastic peaks which for
lattice dynamics calculations with molecular bonds indicat®d.  this |ow temperature were basically functions, were sub-
Direct correlation functions for the glaséozenges liquid (full  racted from the reconstructédnfolded spectra which were
line), and crystal dotted line. derived following the procedures mentioned above. Such a
step was a necessary one to carry since the tails of the

presented in Fig. @), for the glasdlozenges the liquid[7]  esoution-broadened elastic peak would contribute substan-
(full line) and the crysta[15]. A remarkable result regards tially to J,(Q, ).

the coincidence in position and close agreement in the am- Aq -4 readily be seen from graphs drawn in Fig. 5, at the

i ; i — -1
plitude of the first peak which appears@}=1.49 A™* for |50 Q values(up to 1 A~1) the main difference between
the three systems, something which goes counter t0 SOM&ysta| and glass spectra regards a substantial intensity in the
attempts to derive significant structural information from spectra of the latter at lowbelow some 2 meYfrequencies.
such a parametdrll]. In contrast, rather large differences Also, the first maximum o8,(Q,w) appears slightly down-

are found regarding the amplitude and position of peaks at gied with respect to the crystal. In opposition, above some
h|gherQ. In fact, the str(l)ng peaks seen in the crystal_ func-y; g -1 the spectra of the glass and the polycrystal are very
tion atQ=1.82-2.15 A _are only seen as a s_houlc_i(_ar In the similar, especially with respect to the peak position, although
liquid .data and no def!n!te feature can be identified W'th&e peak in the glass spectra is broader. These general trends
them in the curve pertaining to the glass. On the other hang,,» ing the differences between the glass and the polycrys-
the stronger peak of the crystal function appearing ai,"haye also been seen in a comparison between liquid and

— -1 H
Q=275 A™* now has a clear analog in the glass Phase,qycrystal methanof25], and can be rationalized in terms
(albeit broader and with a substantially reduced amplitude of yecent results from the density functional theories of freez-
whereas the strong second peak in the liquid function i$hg [26].

. 1 -
shifted down by some 0.3 A" In the inset of the same "1 quantify these differences between both sets of spec-

-0.02
-0.04

figure we show the quantity, tra, the square root of the second normalized frequency mo-
) ment is shown in Fig. 6. The straight line drawn in the figure
V(Q)= i D (Q)Q‘?PC(Q)} (18) corresponds to the sound waves traveling with a phase ve-
S 15 M aQ locity of 3900 m s, (extrapolated from the experimental

ultrasound data for the glass by Litovitz and Ly[®@v]). A
which represents the mode-coupling verf@#] (i.e., ampli- comparison between the hydrodynamic dispersion law calcu-
tude terms which enter the mode-coupling equations as timdated using the ultrasound data and the second frequency
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E (meV)

FIG. 5. J|(Q,w) for the polycrystal from
the LD calculation compared with the measured
corresponding values for the glass at 15 K with
40 meV incident energycircles and 100 meV
(full triangles, at differentQ values shown in
the insets.

T T L T
0 5 10 15 20 25
E(meV) E(meV)

5 10 15 20 25
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moments for the glass and crystal evidences that, responding to the peak maxima I(Q,w); these are the
dressed frequencieQq 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.

(i) The linear dispersion evidenced by the crygiaf)
below 0.3 A corresponds to a velocity of some 2960
m s~ 1. This is well below that given above for the longitu-
dinal acoustic excitations measured for the glass, but comds summary, what becomes clear from the present work is
reasonably close to the estimate of 2635 1 derived from  that the hydrodynamic region, where sound excitations are
an orientational averaging of longitudinal and transverseexpected to follow a linear dispersion law, would be con-
sound speeds given in R¢1L5]. In consequence, and within fined for the glass to a region below 0.1°A This is a
such a limited range o, the crystak w?)Y? can rightly be  region which is difficult to observe using conventional neu-
interpreted in terms of an average physical frequency detron instrumentation, and even with present day inelastic
scribing the propagation of sound waves. X-ray scattering techniques.

(ii) The second frequency moment for the glass becomes
substantially smaller than those of the crystal below some 1
A~ as a consequence of the contribution of low-frequency

modes in the glass data. Consequently it seems difficult to The constant-pressure specific h&(T), is calculated

assign a definite physical meaning to a parameter such 33 the quasiharmonic approximation fro/as
(@?)Y2 than that of its usefulness to describe a frequency a PP oi2g]

C. Thermodynamics

distribution. B )
(iii) Alternatively, a compf_;lrisc_)n between the glass and Cgh(T)zGRJ dwZ(w,T) .X , (19)
crystal data may also be carried in terms of frequencies cor- —o sinhfx
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8 ! I I I I (9<|nw>
W Ia’JT (23)

-~ 6— AAAA“A ~ P
E’ s 7 +AAt + ; s 5% with @;=0.000 23 K !, as can be seen in the inséh of
=44, o o o AL Fig. 2.
SA ° ORI Taking into account these parametétéw, T) can be ex-
% 2. * i pressed by reference to the zero-temperature extrapolated ex-
v pression, as

o 08 10 15 20 25 @

. . . . . . Z(w,T)=Z —,0)_ (24)
QA™ 1+85(w)T

FIG. 6. Calculatedsquare root of thesecond normalized fre- We used the&Z(w,T) measured at 15 K and 100 meV inci-
guency moments for the crystdlD calculation, full trianglesand ~ dent energy as the reference, because of its wider energy
measured for the glass at 15(kircles. The line corresponds to the range, and applied the effective frequency transformation
sound dispersion curve for the glass extrapolated at this tempergiven in Eq.(22) [as expressed in ER4)] as a simple way
ture, and crosses indicate the position of the maxima in thdo fully describe the temperature behavior of the density of
J(Q,w) for the glass. states.

The complete expression for the specific heat is calculated
with x=Aw/2kgT, R being the gas constant, a@ is the  from Eqgs.(25) and(20), in which the derivative of I with
number of degrees of freedom. The first-order anharmonigespect to I is taken in the effective way expressed in Eq.
correction, is given from the temperature dependence of th23), so
frequency distributions following,

o 1) ) x2  1—ay(T)

, A9 155 T snx AM

P (25
(20)

2

Jnw
JinT

X
sintPx

CP(T)=GRJ

Acg“*tT)z—GRfi dwZ(o,T)

. where A(T) is an area renormalization constant fw),
where theZ(w,T) temperature-dependent densities of states hich varies as\(T)=1-+0.000 15.

is shown in Fig. 2. Following.the suggestion of Malinovsky In Fig. 7, we show the totaCp value, as well as the
et al. [29], the neutron densities of the states were analyzeg;asiharmonic approximation compared with the experimen-
in terms of a log-normal functiotsee Fig. 2 tal calorimetric result$l]. A value of 20 was chosen for G,
1/ In[hwlay(T)])\2 so that the quasiharmonic expression approaches 20 R in the
Z(w,T)=eXr{ - —(—) , (21)  high temperature limit, which is well beyond the glass tran-
2 ay(T) 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
wherea,(T) anda,(T) are adjustable parameters. The width _. . X .

X figure, we show the anharmonic correction @y. The fitted
a,(T) was found to be essentially constant, whereas the cen—t iaht line in thi h sh the behavi panh
troid a;(T) showed a linear dependence given byS raight fine in this graph Shows the behavioraoL, .

a;(T)=6.85(1+0.0038). The errors obtained from those Acanh
fittings range from 3% in t_he low-energy limit up to 6% at v =A(V)T=—-1.260< 10T (26)
40 meV. Also, data regarding the temperature dependence of GR

the Raman spectra discussed in a previous pgidgr were

used to characterize the anharmonic effects for the highévhich constitutes a good estimate of the leading order term
frequencies. Raman spectra, which were taken at seven difA(V)] in the temperature expansion of the anharmonic cor-
ferent temperatures ranging from 8 to 190 K, showed a charection for the specific heat and the entropy.

acteristic low frequency pedkvith a maximum at=8 meV), It is also interesting to assess the temperature dependence
and strongly marked peaks at52, 61, 68, and 83 meV, as of the Grineisen parameter, to relate it to the system anhar-
can be observed in Fig. 2 of R¢1L5]. Those high-frequency Mmonicity

peaks were fitted to Gaussians whose centroid was also ob-

served to exhibit a decrease in frequency varying linearly _ BVKy )

with temperature. After collecting all the above mentioned Y= Cy ' @7

data, it was found that the spectral-frequency dependence

with temperature could be written as, where g is the volume coefficient of the thermal expansion,
and Ky the isothermal bulk modulus of elasticity. We can

ho=hwo 1+ By(w)T], (22) express it also in relation to thth independent contributions

with B;(w)=0.004 05exp—(%w/30)%], where the energies to the specific heat as

are given in meV. It was also found that the mean value of n

the logarithm of the frequencies, varies linearly with the — C.

logarithm temperature vCv ,2'1 %G e
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- 7 o 1 contribution. Inset: the full line shows the detail
- of the anharmonic correction and the dotted line
o the fitted linear relation from Eq26).
50 - ¢ Experimental (Ref. [6])
------- Quasiharmonic
Total
0 T T T T T T T T T T T
0 50 100 150 200 250 300
T (K)
from which we may separate it as a quasiharmonic and an IV. CONCLUSIONS

anharmonic contributioh30 . . . .
0] By means of an inelastic neutron scattering experiment on

yCy= thcg/mr ),anftsnh_ (29) glassy D glycerol we were able to study its static structural
aspects, as well as its main collective dynamical features.
We evaluatedy and y9" from the thermodynamic param- From the structural point of view, we obtained a set of pa-
eters extracted from Ref27] and also they®™" which is  rameters defining the molecular geometry in the glassy state,
shown in Fig. 8. The range of temperatures in which the datavhich differs from that of the crystal, stressing the fact made
are presented corresponds to that in which the thermodyeut from the Raman experiments on the existence of differ-
namic parameters were available. We were also able tent monomers in the glassy state. Some meaningful observa-
evaluate the volume variation &f(V), through the relation  tions on the intermolecular structure could also be extracted.
No significantly large differences in the short-range intermo-
A(V) V| Vanh lecular structure between liquid and glass were found, and as
A(Vo) - V_o ' (30 a matter of fact, even the reduction in “correlation length”
upon melting the glass is remarkably modestl7 A in the
which is shown in the inset of the same figure. We observelass versus=15 A for the liquid[5]).
that its variation in the glass temperature range is in the order The coincidence in the position of the first peak in the

of one per thousand. pc(Q) direct correlation function for the crystal, the liquid,
] 1 1 )
6 v - -
E _______ ,Yqh 9 1.0036 4 ]
< 2
&
g | nh T L0034 1
g 'a
i
]
=) FIG. 8. Grineisen parametey, and its quasi-
5 harmonic and anharmonic contributions. Inset:
R the relative variation of the leading term in the
g anharmonic expansion of the specific hA&Y).
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™
&
..................................... e
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and the glass seems of special relevance in the light of ththeory of freezing[26], where the characteristic shapes of
present debates about the physical meaning of the parametggisonon spectra in a hot crystal are shown to be related to that
characterizing the first diffraction peak and follows thatof the normal liquid. Such relationships between the spectra
found for some archetypal glassgslica [32]) which have of powder and glass are also reminiscent of those recently
been recently reexamined in the light of a pseudocrystallinexpressed by Wolét al.[33] in a computer simulation of a
model. The present results show that the Significant differmateria| in g|assy and nanocrysta”ine forms.
ences in the long-range order between the three systems do Starting from the microscopic data obtained from our neu-
not translate into substantial changes in the parameters rgpn scattering data, we were able to perform a calculation of
garding the first peak but rather in peaks and valleys afhe constant pressure specific heat, as well as a detailed
higher momentum transfers. evaluation of the anharmonic contribution, through a tem-
Comparison of the dynamical information derived for the perature parametrization of the densities of states obtained in
glass by experimental means and that corresponding to thembination with Raman scattering data. A good agreement
crystal from the LD calculation, showed that many featuresyith calorimetric data on the glassy phase was obtained. Fur-
regarding excitations of lattice origin are still present in thether thermodynamic calculations were carried out, especially
glass phase. As a matter of fact, comparison of the wavene |eading order term in the anharmonic correction of the
vector-dependent frequency distributions as represented Rqtropy A(V) (observed to be almost constantvhich is

the J)(Q,w) correlation functions, show that apart from the negative and in the same order of magnitude observed in
far broader shape of that functions for the glass, the maigrystals [31] (e.g., —1.0x10 % K ! for lead, and—1.9

difference regards a redistribution of spectral power towardsc 10-5 for aluminum.
lower frequencies which become rather evident for the glass
for wave-vectors below some 1 &. Above such momen-

tum transfers, the&)-dependent frequency distributions be- ACKNOWLEDGMENTS
come comparable as judged by the second reduced frequency
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