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The low-frequency dynamics of a molecular glass former has been investigated by means of inelastic
neutron scattering from a mostly incoherent sample as well as by computer molecular-dynamics
simulation. The mode assignments have been carried out using the neutron data for the polycrystal
as well as by means of the analysis of the density of states (DOS) computed from a lattice-dynamics
calculation. The polycrystalline sample is then taken as the reference state and the deviations that
are a known characteristic of the glassy phase are discussed in detail. In particular, the enhancement
of the low-frequency part of the DOS corresponding to the glassy phase that gives rise to a well-
defined low-frequency inelastic peak in the neutron S(Q,w) dynamic structure factors is found to
arise from translational modes that are dominant over the rotational contribution. Such modes are
also found to give rise to a bump in the temperature dependence of the C,/T* specific-heat curves

at2<T <10 K.

I. INTRODUCTION

The thermal properties of glasses well below the ther-
modynamical glass transition temperature T, are now
starting to be understood on a quantitative basis.!? Al-
though at temperatures below 1 K there is wide agree-
ment that most of the observed phenomenology can be
explained in terms of tunneling motion of some (yet to
be specified) atoms,? it seems clear that additional ex-
citations are present at moderately high temperatures
(1-50 K), which are responsible for the anomalous be-
havior of the temperature dependence of several macro-
scopic properties such as the specific heats or the thermal
conductivity.

Several attempts have been registered in order to quan-
titatively analyze the origin of the anomalies in the tem-
perature dependence of thermodynamic (specific heats)
and transport (thermal conductivity) properties at mod-
erately low temperatures such as mode softening by
strains,® or phonon scattering by localized modes,? al-
though at present there seems to be no commonly ac-
cepted mechanism that can be considered to be as uni-
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versal as most of the properties of the glassy state are.
The present paper aims to shed some light on these
problems by means of the study of the low-frequency dy-
namics of a molecular glass former (methanol CH3OH).
Although the glass formed by this material is substan-
tially more complicated, due to the presence of the
hydrogen-bond network, than the current van der Waals
glasses such as those formed by complex organics or poly-
mers (i.e., orthoterphenyl or polybutadiene), it was cho-
sen for several reasons. First of all its basic molecular
unit is relatively small so that it enables the simulation
by means of computer molecular dynamics (MD) using a
large enough number of particles. Moreover there exist
some model potentials capable of accounting for most of
the dynamical properties, such as the collective dynam-
ics of the liquid phase as well as the crystal structure-
related properties as has been shown in previous work.”8
From an experimental point of view the glass obtained by
rapid quenching from room-temperature liquid is stable
for days below 115 K in bulk samples, without showing
noticeable crystallization and finally, the internal molec-
ular modes are, in condensed phases, well separated from
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the low-frequency (lattice) ones. This material has been
previously characterized by means of differential scan-
ning calorimetry, where the T, was located at about 120
K, as well as from Brillouin scattering of light.?

The present paper constitutes a first part and it is fo-
cused on the comparison of the low-frequency response
of the glassy and crystalline phases as observed using
high-resolution inelastic neutron scattering (INS) with
the density of states calculated by means of MD sim-
ulations in the case of the glass and lattice-dynamics
(LD) computations for its polycrystalline counterpart.
The crystal will serve as a reference state and a com-
parison between the dynamical properties of the crystal
and the low-temperature liquid has already been given.”
A second part containing experimental and simulation
data regarding the collective response will follow in due
course.

The outline of the paper is as follows: Sec. II contains
some information regarding the experimental, data treat-
ment, and computational approaches; Sec. III is devoted
to the presentation of the main results and Sec. IV gives
a discussion on the results obtained from the different ap-
proaches. Finally, Sec. V describes the main conclusions
from the present work.

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

A. Experiment

The glass samples were prepared by rapid quenching
of the room-temperature liquid in a liquid-nitrogen bath.

The inelastic-neutron-scattering experiments were per-
formed using the IN6 time-of-flight spectrometer of the
Institut Laue Langevin, Grenoble, France, using an in-
cident wavelength of 4.12 A. The sample container was
an aluminum plate of 0.6 mm internal thickness and the
temperature was controlled using a standard orange cryo-
stat. The measurements were performed at temperatures
ranging from 5 to 110 K in the glass phase. At 135 K
a rapid crystallization into the low-temperature o phase
occurs, and the measured spectra corresponds to a poly-
crystal. The spectra at T = 200 K were taken as an
additional reference since at that temperature the melt-
ing is complete. Finally calibration runs with the empty
cell as well as with vanadium foil of the same thickness as
the sample were carried out in order to subtract the con-
tainer scattering and to normalize the measured inten-
sities. In all cases, the presence (or absence) of crystal-
ization was monitored from plots of the wave-vector de-
pendence of the elastic intensity. The cross-section data
were converted into S(©,w) dynamic structure factors
using the INX (Ref. 10) suite of programs. An absorp-
tion correction was applied using a standard code!! and
the contribution of multiply scattered neutrons was esti-
mated using a modified version of the DISCUS code.'? The
constant-angle S(©,w) spectra were converted into con-
stant @ by means of the INGRID code.!® The vibrational
density of states was estimated from the structure factor
data using a procedure discussed by Buchenau?® following
the same lines as detailed in a previous paper.14
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B. The potential model

A number of attempts have been reported where model
potentials have been used to reproduce thermal and
structural properties of the liquid as well as the dynamics
of bond breaking and forming of the hydrogen bond (HB)
network.!%7:16 However, no potential has been validated
up to the present moment as able to reproduce the exper-
imentally determined crystal structure or the collective
dynamics of this material in the solid or glass phases. On
the other hand, due to both the need of performing long
MD runs and the fact that the internal molecular modes
are, in the condensed phases,!? well separated from the
lattice ones, a model potential that represents the molec-
ular unit as rigid has been adopted.!® Such a potential
function, which is of a site-site type, has been shown to
reproduce the experimental g(r) partial pair correlation
functions in the liquid phase as well as some thermo-
dynamical properties such as the specific heat and the
self-diffusion coefficient,'57 and the most salient features
of the collective dynamics of the cold liquid.”

In order to test the model employed for the in-
terparticle potential, a minimization process using the
WMIN code!® has been carried out starting with the ex-
perimentally determined crystal structure for the low-
temperature o phase,!® using the cell parameters, molec-
ular rotation, and translational degrees of freedom as free
parameters. The Ewald method?® was used to deal with
the electrostatic long-range interactions and a cutoff dis-
tance of 12 A has been taken for the Lennard-Jones in-
teractions.

The changes undergone in the process by the three lat-
tice parameters were in percentage units of 2.9, 3.8, and
3.8, whereas the maximum shift in the atomic coordi-
nates is 0.3 A. Such a discrepancy between calculated
and experimental crystal structures indicated that the
potential model considered here satisfactorily reproduces
the observed structure.

C. Molecular dynamics

The trajectory of a 256 methanol molecules system
subject to cubic periodic boundary conditions was com-
puted using Newtonian classical mechanics (NVE-P en-
semble) for two different thermodynamic states (see Ta-
ble I). The molecules were treated as rigid bodies com-
posed of six mass points (modeling the atoms in the
molecule) and three interaction sites located at the oxy-
gen, carbon, and hydroxylic hydrogen positions. The
Cartesian equations of motion were integrated using the
velocity version of the Verlet algorithm?! with a time step
of 10714 s, and the RATTLE algorithm??2! was used to
implement the holonomic constraints required to keep all
intramolecular distances fixed. The molecular geometry
and parameters defining the interaction potential were
those proposed by Haughney, Ferrario, and McDonald.!®

A switch function?® was used to turn off smoothly all
the interactions between pairs of molecules whose center-
of-mass separation was greater than a cutoff distance.
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TABLE I. Average values of simple thermodynamic properties for the simulated glass.

Quantity Units Run 1 Run 2
Density kg/m3 1050.0 1055.0
Lyox nm 2.4442 2.4365
Elapsed time ps 250.0 250.0
Temperature® K 35.205+0.013 10.202+0.003
yinter® kJ /mol —44.077 —44.714
Pressure® Atm 1051.5 986.9
Q3 ps~2 533.49 550.9
cr m/s 2750+250 2750+£250

2 The standard deviation of the average temperature has been estimated by taking into account

the statistical inefficiency of the data (Ref. 21).
® No long-range corrections have been applied.

In addition, long-ranged dipole-dipole interactions were
handled by introducing a reaction field with conducting
boundary conditions (i.e., err = 0).24 Therefore, the
interaction energy between two molecules o and 3 be-
comes

Uaﬁ(ria’rjﬁ) = S(Rgﬂ) { Ugﬂ(rimrjﬁ) + Ugg(rimrjﬁ)} »
1

where R,p is the distance between centers of mass for
both molecules; and S(z) is the unique fifth-order poly-
nomial satisfying

1 forz<R? -
S(x) = (2
0 for z > R}

and having continuous first and second derivatives at the
end points of the interval.?® In the present calculations
we took Ry = 11.70 A and Ry = 12.18 A for both
runs. The function U2s(ria, rjs) is the potential func-
tion referred to as model H1 by Haughney, Farrario, and
McDonald!® and has the form of a sum of site-site in-
teractions. Whilst UES (ria, Tjg) is the term due to the
reaction field, which can be expressed as a sum of charge-
charge interactions.?%

A computer-generated glass at 35 K was produced by
means of a temperature quench from an equilibrated lig-
uid run at 300 K. A subsequent quench of an equili-
brated configuration corresponding to the equilibrated
35 K glass yielded the glass at 10 K. The quenches were
achieved by continuous rescaling of velocities (i.e., every
time step during 75 ps) in order to reach the target tem-
peratures. Then both glasses were allowed to equilibrate
for 110 ps of standard NVE simulation.

In order to test the absence of crystallinity, the relaxed

configurations where analyzed by means of computation
J

of the static g(r) pair correlation function for the molec-
ular centers of mass. As an illustrative example, Fig. 1
shows a plot of such a quantity as well as the correspond-
ing magnitude calculated from the atomic positions in the
crystalline o phase. The short-range static structure par-
tial pair correlation functions g(r) will be compared with
the local arrangement in the polycrystal in a subsequent
paper.

The density of states (or generalized frequency spec-
trum) was calculated in the usual way?! as a Fourier
cosine transform of the atomic velocity autocorrelation
functions (VACF’s). The reliability of the calculated au-
tocorrelation functions was evaluated by means of pro-
cedures described in a previous paper,” and no measur-
able artifacts due to recurrence effects were found after
analyzing the intermediate scattering functions F(Q,t)
for times smaller than 12 ps. In order to get some es-
timation of the statistical quality of the computed func-
tions similar procedures to those described in Ref. 7 were
followed. Following a decomposition of the atomic ve-
locities into center-of-mass and rotational components
[Via(t) = Va(t) + vi%(t)], the total atomic VACF’s have
been decomposed into their constituents, namely: center
of mass, rotational, and their cross-correlation functions.

D. Lattice dynamics

A lattice-dynamical calculation has been carried out at
the energy-minimized crystal configuration using our own
computer code.?® The dynamical matrix D(q) is set up
in terms of rigid-body translations and rotations using
the molecular Born—von Karman formalism within the

harmonic approximation:2?

DEa(alkk’) = [mé (kymf (¥)] o Y Sup(k, UK') exp {iq [x(1'k') — x(1K)]} ®

ll
Here k and k' label the different molecules in the unit
cell; ¢ and ¢’ represent translational (t) or rotational (r)
displacements; . and 3 are z, y, and z components with
respect to molecular principal inertia axes at the center

of mass; and m (k) is the molecular mass for i = t and
the principal inertia moment I, (k) for i = r. The force
constant tensor is fj;,(lk, l'k’), whose components are
the second derivatives of the lattice energy with respect
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25 D(q)e(q) =w?(q)e(q), (4)
2.0+

glr) where w(q) and e(q) are the frequency and polarization
1.5¢ vectors normalized to unity of the mode with wave vector
10— /\\ The coherent inelastic-neutron-scattering intensity has
\’\/ been obtained in the one-phonon approximation, where
0.5+ the scattering at a dispersion vector Q is governed by
A/\/\/\ the momentum and energy conservation laws Q = G —q
ool LM, /\A';\N\ABA A - 4\0 TR and E — Ey = thw(q). E and E; are the energies of
o the dispersed and incident neutrons, respectively, G is a
r(A) . . .

reciprocal lattice vector, and w(q) is the frequency of the

FIG. 1. Center-of-mass g(r) partial pair correlation func- phonon (q;) involved in the process.

tion computed from the MD simulation at T = 35 K. Tri-
angles denote the set of § functions for the polycrystal that
have been calculated from an orientational average using the
reported crystal structure.

to molecular translations and rotations, whereas x(lk) is
the position vector of the center of mass of molecule % in
the unit cell [.

The crystal vibrational modes can be obtained from
the eigenvalue equation?®

J

Fl(Qan) = Zzbie—WiQ ° [e,t(qv kJ) +el7‘(q, k])
ki

where i labels the different atoms in the molecule &, b;
is the coherent scattering length of atom ¢, W; is the
Debye-Waller factor, x(k) is the position vector of the
center of mass of molecule k and x(k%) is the position
vector of atom i belonging to molecule k£ with respect
to its center of mass. The mass-unweighted polarization
vector components are defined as

e'o(a, kj) = [mi, (k)] 2ea(a, kj). ()

For the polycrystal, the relevant scattering function
S(Q,w) must be obtained as an average over all scat-
tering directions Q.3° This process has been carried out
by dividing the Q space in a fine mesh (40 x40 x 40 points
in the first Brillouin zone).

The crystal frequency distribution function [density of
states (DOS)] has been calculated by means of a sampling
over the crystal Brillouin zone using a mesh of 18 x18x 18
points along each reciprocal lattice direction.

III. RESULTS
A. Experimental results

Several representative constant-Q spectra correspond-
ing to glass samples are shown in Figs. 2 and 3. As can

J

The coherent one-phonon scattering function S(Q,w)
can be written in the following way for molecular
systems:2°

5(Q) (modeq) = AV E2ES@ 17, )
®)
with
A x(ki)] exp[iQx(ki)] exp[iGx(k)], (6)
[

be clearly seen upon inspection of the figures, a notice-
able finite-frequency response is present in all the spectra
although it only appears as an unresolved shoulder in the
glass samples at lower momentum transfers.

Also, the inelastic peak that becomes visible at large
momentum transfers is located at substantially lower fre-
quencies in the glass samples than in their polycrystalline
counterpart. The @ dependence of the peak maxima w,
is, in both cases, depicted in Fig. 4. The parabolic behav-
ior evidenced in such graph is known to be characteristic,
in the case of polycrystals, of recoiling processes as has
been long recognized.3!

The polycrystal data were therefore analyzed in terms
of recoil scattering from the lattice under the assumption
of asymptotic (large-Q) behavior where the one-phonon
contribution to the dynamical structure factors S1(Q,w)
is assumed to be composed of a sum of Gaussian contri-
butions, so that the total S(Q,w) can be written as

5(Q,w) = exp[-2W (Q)][n(w) + 1][S1(Q,w) + 5 (Q,w)]
(8)

and

22\ 2
S1(Q,w) = Z ﬁexp [— (hw — hwg — ZJ\?IJ ) /(27']2)] , (9)
3 J
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FIG. 2. Constant-Q energy-gain spectra for glass samples
at three different temperatures. The curves correspond to in-
terpolations on the constant-angle, S(8,w) surface performed
using the INGRID code. In order to facilitate the viewing the
huge elastic peak has been suppressed.

where the exponential is a Debye-Waller term, [n(w) +1]
accounts for detailed balancing, and S™(Q, w) represents
the multiphonon continuum, which is evaluated within
the usual convolution approximation.3! The sum runs
over the number of components into consideration, M;
represents the effective mass, wg is the recoilless lattice
frequency, and the term in £2Q? is a recoil energy. The
width factors 7; behave asymptotically (Q — o) as

'rj2 = 2’332 /Z(w)n(w)w dw. (10)
av
0.1
0.08 1 Q=2.63 A"
3 0.06
S 0.04-

2 7 12 17 22 27
Energy (meV)

FIG. 3. Energy-gain spectra for polycrystal (solid line
with squares) at T = 135 K and glass (solid line with cir-
cles) at T = 110 K. The dashed lines show the fitted function
using Eq. (8) (see text).
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FIG. 4. Wave-vector dependence of the position of the
low-frequency peak wp. The polycrystalline data are given
for T' = 135 K, and the glass data are shown for T' = 110 K,
85 K, 60 K, and 35 K, respectively.

Such an approximation represents the dynamic structure
factor in terms of Gaussians centered at an energy that
is the sum of the lattice and the recoil term with a width
that only becomes independent of the momentum trans-
fer in the free-particle limit. Since the achieved range of
momentum transfers explored in this work falls short of
such a limit, the widths of the individual Gaussians were
taken as adjustable parameters. As a matter of fact, sev-
eral trials using Eq. (10) to estimate the width did not
provide acceptable fits to the experimental intensities.

Excellent results were obtained using this approxima-
tion, but leaving the widths as adjustable parameters,
and some results are shown in Fig. 3. The spectra cover-
ing an energy-transfer range of about 25 meV from the
elastic line can be described as a sum of two Gaussian
distributions centered at frequencies that correspond to
the lattice mode plus a recoil contribution. In the poly-
crystal such lattice frequencies are of about 5.0 and 12.0
meV. The wave-vector dependence of the peak maxima
can therefore be accounted for in terms of recoiling mo-
tions of the atoms taking part in low-frequency lattice
modes, as will be commented on in detail below.

A recoil mass of 1.36 amu (atomic mass units) was
computed from the fits, which is in excellent agreement
with the Sachs-Teller mass32 for the hydrogen atoms in
the methanol molecule, and is also close to the free-
atom mass of 1.35 amu calculated using a cross-section
weighted sum of atomic masses.

A similar procedure was employed to analyze the spec-
tra corresponding to the glass phase. The spectra can
also be adequately described in terms of sums of Gaus-
sian functions, although, as it is evident from inspection
of Figs. 2 and 3, the frequencies corresponding to the
lowest-energy peak are now down to about 2 meV. A re-
coil mass of 1.93 amu was also calculated from the recoil
curves. It is difficult to interpret such a difference in ef-
fective mass between the polycrystal and glass, although
on qualitative grounds it may be explained as due to the
lower force constants in the glass than in the crystal. As
a matter of fact, an estimate using the effective masses
and the wo frequencies gives a ratio of force constants
between the glass and the crystal of about 0.2.

As can be seen from Fig. 4, the peak position in the
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glass shows a very weak temperature dependence that
can, in principle, indicate the harmonic nature of the
excitations giving rise to this peak.

In order to investigate the origin of such peaks, the
Z(w) vibrational density of states was computed from
the structure factor data.

Although in the quasiharmonic approximation, the
vibrational contribution to the total density of states
(DOS) is supposed to be independent of the tempera-
ture, we have calculated this quantity for all the mea-
sured temperatures in order to explore the extent in fre-
quencies of the anharmonic contributions. For such a
purpose, the DOS for each temperature has been com-
puted within the incoherent approximation by means of
a formula that relates the observed structure factors with
the sought Z(w),3

2.0+

-1
)

Z(®w) (meV

Z(0) (meV'l)

L] 1
5 10 15 20 25
® (meV)

FIG.5. Vibrational densities of states (DOS) derived from
inversion of the experimental spectra (upper box). Compari-
son of the low-frequency tails of the glass and polycrystalline
samples (middle box). Note the enhancement in the DOS cor-
responding to the glass samples. DOS for the lowest measured
temperatures (lower box). The curves have been normalized
to 3ksT.
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S(Q,w) = exp[-2W (Q))(hQ?/May)[n(w)+1] Z(w) /w,
(11)

where the exponential is a Debye-Waller term (or Lamb-
Mossbauer term), M,, is an average effective mass as
calculated from the recoil data , and [n(w) + 1] is the
Bose factor.

A representative sample of the computed dis-
tributions3® is shown in Fig. 5, where it can be seen
that well resolved features are clearly apparent for tem-
peratures around 35 K and below. The fact that Z(w)
shows such a noticeable temperature dependence was in-
terpreted as caused by the presence of anharmonic contri-
butions, that become more important as the temperature
is raised. As a matter of fact, the importance of other
mechanisms that could contribute to this temperature-
dependent behavior such as structural changes in the
glass with temperature or physical aging were disre-
garded since only small variations in the glass structure
with temperature were found in a neutron-diffraction
study,3* and the fact that the stability of the glass (a
few days) is far longer than the time taken for the mea-
surements.

A comparison between the polycrystal and glass DOS
showing in the latter case a noticeable enhancement at
low frequencies is shown in the lower part of the figure
where it can be seen that for energy transfers below 4
meV additional excitations are readily apparent in the
glass phase.

In order to examine the extent in energy transfers of
anharmonic contributions, the behavior of the inelastic
intensities at several values of the energy transfer versus
temperature was analyzed. Some representative sample
plots are given in Fig. 6, where it can be clearly seen that
the excitations about 2 meV [i.e., the maxima of S(Q, w)
in the glass] behave harmonically, whereas such charac-
teristic is lost for higher energy transfers. As can be seen
from the plots shown in the figure, the intensity versus
temperature curves for energy transfers above 2 meV de-
viate from linearity, showing a sigmoid behavior that is
usually interpreted in terms of the onset of anharmonic
motions. The deviation from linearity becomes more im-
portant at higher energy transfers as is also evidenced in
the figure. Further discussions about this topic are de-
ferred until following sections where a comparison with
calculated results will be made.

The Q dependence of the intensity of the elastic peak
has been analyzed in order to get an estimate of the
rs vibrational mean-squared amplitudes as well as their
temperature dependence. Such magnitudes, which are
defined through the Lamb-Mossbauer term for recoilless
emission f, = exp(—rsQ)?, can be rationalized in terms
of kinetic-theory approaches3® as being characteristic “lo-
calization lengths,” thus giving direct information about
the spatial extent of the atomic motions. A plot of the
temperature dependence of such magnitudes is shown
in Fig. 7, where it can be seen that again the lowest-
temperature points show a different behavior than the
rest of those corresponding to the glassy regime. As a
matter of fact, and contrary to what has been reported
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FIG. 6. (a) Temperature dependence of the inelastic in-
tensities at several values of the momentum transfer [i.e.,
S(Q,w) at w =const]. The arrow indicates values measured
for the polycrystal and the data at 7' = 200 K correspond
to the melt (liquid) sample. (b) Same meaning as above
but the intensities have been calculated from peaks in the
Ji = w?S8(Q,w) function.

for van der Waals glasses,3® a linear dependence with
temperature can only be found in the present set of data
at temperatures about 10 K and below. A noticeable de-
parture from linearity of 72 well below the thermodynam-
ical glass transition temperature is therefore clearly ap-
parent, which again contrasts with other organic glasses
where such an increase is only visible at temperatures
close to Ty. Furthermore, the value corresponding to
the polycrystal at 135 K lies noticeably below the curve
joining the glass and liquid points, which is another con-
firmation of the softening of force constants in the glass
with respect to the crystalline phase.

0.6
4 [ ]
__0.51
=
E 0.4 ° *
[ ]
_. ° [ ]
0.3 : — 4 :
0 50 100 150 200 250
T (K)

FIG. 7. Temperature dependence of the r, amplitude
terms of the Lamb-Mossbauer factors derived from the wave-
vector dependence of the elastic peak intensities. The arrow
marks the data corresponding to the polycrystalline sample.

6179

B. Molecular- and lattice-dynamics results

A comparison between the DOS obtained from both
glass and polycrystal phases calculated from the analysis
of MD trajectories and from LD computations is shown
in Fig. 8. It can be seen that the frequency distribution
function for the crystalline phase of methanol shows very
sharp peaks at certain frequencies. Several broad peaks
with frequencies in the same range can also be identified
in the frequency distribution function for the glassy state.
This fact suggests that the crystal modes that contribute
to these peaks also survive in some way in the glass phase.

In order to explore this hypothesis, we have identified
the nature of the modes belonging to each peak in the
crystal phase. The results show that these sharp peaks
arise from modes that show very little dispersion, giv-
ing rise to flat dispersion hypersurfaces w = w(q), which
are then projected onto a single peak in the frequency
distribution function.

It is remarkable that the molecular polarization vec-
tors for the different modes belonging to each peak are
rather similar, except for the 32.5-meV peak where polar-
ization vectors of two different kinds can be found. This
property, together with the flat character of the w(q)
dispersion relation indicates that the crystal behaves for
these particular modes as an independent Einstein oscil-
lator, in which each molecule vibrates in a potential well
produced by the neighboring ones and the movements
of molecules in different unit cells are decoupled. This
can explain why these modes survive in the glassy state
given that they depend mainly on the short-range molec-
ular environment, which is very similar for the crystal

~1.6 (a)

'> I

CR

E i

o8] |/

N
0t ’NAI\A‘M A
0 10 20 30 40

Energy (meV)

20 30 40

0o ' 10
Energy (meV)

FIG. 8. Vibrational densities of states calculated by
means of (a) lattice dynamics, the dashed line is the estimated
Debye contribution, and (b) computer molecular dynamics
(MD). Note the decomposition into total (solid line), rota-
tional (dashes), and center-of-mass (dash-dot) terms. The
curves are normalized so that the total number of states
equals 3kgT. The calculation was performed at a temper-
ature T' = 35 K.
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TABLE II. Normalized averages of the rotational and translational components of the molecular
polarization vectors over all the crystal modes giving rise to every peak. Two motions appear at
32.5 meV.
hw (meV) Tz Ty T, R, R, R,

6.7 0.200 0.228 0.356 0.742 0.468 0.105
144 0.212 0.223 0.670 0.238 0.617 0.140
20.4 0.448 0.529 0.143 0.074 0.132 0.690
24.6 0.877 0.124 0.082 0.137 0.049 0.433
32.5(1) 0.282 0.515 0.083 0.276 0.117 0.747
32.5(1I) 0.022 0.016 0.187 0.920 0.344 0.018

and the glassy phases.

Table II shows the normalized average of the rotational
and translational components of the molecular polariza-
tion vectors over all the crystal modes belonging to ev-
ery peak (two averages for the 32.5-meV peak). They
are expressed in the molecular principal-inertia axes (z
is the smallest and z the largest inertia axes). As can be
judged from the vector components given in the table,
all the peaks are originated by modes of mixed (transla-
tional and rotational) character. The peak at 6.7 meV
shows a predominately rotational character whereas a
sharp translational component is manifest at 14.4 meV,
a frequency that is near the Debye cutoff frequency wp=
13.95 meV, estimated from the fit of a Debye Z(w) to the
low-frequency (up to 5 meV) part of the spectrum. Also a
large translational component is readily apparent in the
T, contribution of the 24.6-meV peak, and finally, the
two mode polarizations that correspond to the 32.5-meV
intense sharp feature are of a predominately rotational
character.

A decomposition in terms of center of mass, rotational
motions, and coupling terms has been performed in the
case of MD data and the center-of-mass and rotational
contributions are also depicted in the figure. The cou-
pling terms were found to be rather small at low frequen-
cies and only show a noticeable contribution centered at
about 14 meV, which can be disregarded at sufficiently
low temperatures.

In order to assign the main features appearing in the
DOS calculated for the glass phase, Fig. 9 shows the
atomic contributions to this quantity. The following
seems clear upon the inspection of the figure:

(i) The mostly center-of-mass contributions follow an
w? law at low frequencies (up to 1 meV). From 1 to 3.5
meV the MD-DOS for all the atoms show an “excess” of
vibrational states with respect the Debye behavior, and
a crossover to a dependence lower than w? takes place at
about 3.5 meV. Similar features can be seen in the total
DOS per atom, although the crossover now takes place
at somewhat smaller frequencies (3 meV).

(ii) The three main regions in the total DOS centered
at about 7, 15, and 27 meV have very different contribu-
tions from the individual atoms in the molecule.

(iii) The intense peak at 27 meV is mostly originated
by rotational contributions from the molecular hydro-
gens.

(iv) The peaks at 7 and 15 meV have contributions of

both rotational and center-of-mass character, although
the most intense contributions in the curves that are un-
weighted by the reutron cross sections arise from those
atoms nearer to the molecular center of mass (carbon and
oxygen).

A comparison between the experimental and calcu-
lated DOS for the polycrystal evidences that for energy
transfers larger than the one corresponding to the first
maximum in the calculated DOS (i.e., 5.6 meV), the
anharmonic contributions become dominant at 135 K.
This makes a quantitative comparison difficult since the
LD calculation was carried out within the harmonic ap-
proximation. However, as will be shown below, the low-
frequency part of the computed Z(w) adequately repro-
duces the position of the low-energy peak evidenced by
the experiment. Furthermore, as is shown in the figure,
the Z(w) estimated from low-temperature data (5 and
10 K) show a better agreement with the one computed
from MD simulations, as can be expected due to the low
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FIG. 9. Total neutron-unweighted densities of states
(solid lines) and rotational contributions (dashes) for the dif-
ferent atoms in the molecular unit, as calculated from MD.
Atoms Hj 2,3 are the methyl group hydrogens, where H; is in
a staggered position with respect to the hydroxyl HO, as is
shown in the chemical formula at the top of the graph.
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weight, at these temperatures, of the anharmonic contri-
butions.

In order to gain some insight into the microscopic ori-
gin of the modes giving rise to the main peaks in the DOS
obtained from the LD calculation the inelastic structure
factors [i.e., the quantities S(Q,w =const)] have been
calculated from the structure factors derived from the
LD calculation. As is well known, the wave-vector de-
pendence of the inelastic intensity calculated at energy
transfers corresponding to peak frequencies can give an
indication of the coherence length associated with the ex-
citations giving rise to such a peak. In this respect, it is
worth remembering that, at low frequencies, the excita-
tions are expected to show their acoustic nature in such
plots as an oscillation that is in phase with the quan-
tity Q25(Q) static structure factor, whereas excitation
of a different nature will show in such plots peaks cen-
tered at momentum transfers that define an average co-
herence length for the modes contributing to the peak in
the DOS. Some results regarding the wave-vector depen-
dence of the inelastic intensities are depicted in Fig. 10.
The first graph of the figure shows the calculated wave-
vector dependence for an energy transfer of 0.26 meV. In
this case, the two peaks appearing at 1.5 and 1.9 A~! are
in phase with the static structure function Q25(Q), thus
indicating the purely acoustic nature of the excitations
existing at these low frequencies. However, such a phase
relationship is lost for frequencies corresponding to the

800x10"®

intense peak that appears at 14.4 meV in the computed
DOS. Furthermore, well-defined peaks appear at Q = 1.4
A1, which defines a characteristic length of 4.5 A and
Q = 0.7 A~! corresponding to 8.9 A in real space. As a
consequence, the spatial extent of the excitations other
than those of acoustic nature appears to be confined to
a region of about 10 A. Such a short-range correlation is
also apparent from the Einstein-like character of many of
the modes, as will be discussed below.

Although it is rather difficult to draw a picture of the
molecular motions involved in the excitation peaks ap-
pearing in the DOS, from the analysis of the mode eigen-
vector components it can be stated that the microscopic
origin of most of the peaks involve cooperative rotations
along the hydrogen bonds.

Several representative differences between the DOS
calculated from MD for the glass and those computed
from LD for the polycrystal are readily apparent. First
of all, the low-frequency part (below 5 meV) of the MD-
DOS substantially deviates from Debye behavior, as evi-
denced in the lower part of Fig. 8, whereas the crystalline
DOS is shown to follow a w? law with a Debye temper-
ature ©p = 162 K. A clear enhancement is evident in
the low-frequency part of the glass DOS. Such a feature
has its origin in the center-of-mass (c.m.) contributions
to the DOS, as can also be seen from the figure.

It becomes difficult to correlate the peak frequencies of
the main features of the DOS in both cases since most of
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the well-resolved features in the polycrystal are blurred
in the glass. However, the main rotational peak, which is
clearly visible in the glass at about 27 meV, can be corre-
lated with the most intense, sharp feature, in the crystal,
which is centered at about 32 meV, and the same con-
sideration applies to the higher-frequency modes, which
in the polycrystal extend up to 50 meV corresponding
to isolated optical dispersion branches. Also, the sharp
feature located at about 14 meV in the crystal can be
related to the broad envelope appearing in the glass at
about 12 meV, a feature that was evidenced before in the
analysis of the experimental spectra in terms of sums of
Gaussian functions.

In order to compare the experimental structure factors
with those derived from MD simulations and LD calcu-
lations, the S(Q,w) dynamic structure factors have been
computed in both cases from the Z(w) functions and cor-
rected by the Bose factors in the incoherent approxima-
tion according to Eq. (11). A comparison of the S(Q,w)
derived from the LD and MD calculations is shown in
Fig. 11. Several comments are in order regarding the
plots shown in the figure. First of all, the position of the
low-frequency, inelastic peak appearing at about 6 meV
in the polycrystalline sample is quite well reproduced by
the S(Q,w) derived from the LD calculation. From in-
spection of Table II it becomes clear that such a peak
corresponds to a combination of lattice modes that cor-
respond to the three low-lying acoustic excitations plus
the lowest optical (rotational) components. A detailed
discussion of the dispersive behavior of the individual
modes will be given in a subsequent paper.

0.4
] (a) polycrystal
0.3 1
"3: N
c 0.2 1
a _
0.1
0 T T
0 5 10 15

Energy (meV)

Energy (meV)

FIG. 11. Calculated S(Q,w) dynamic structure factors
using Eq. (9) and densities of states for the polycrystal (up-
per box) and the glass (lower box) for a momentum-transfer
Q = 25 A~!. The total spectrum is shown by the solid
line. The rotational (dashes) and center-of-mass (dash-dots)
contributions are also shown. Note that the origin of the low-
frequency peak in the glass is due to the c.m. component of
the DOS.
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On the other hand, the peak appearing at about 2 meV
in the glass samples arises from the low-frequency part
of the total DOS, which shows a noticeable enhancement
with respect to the one corresponding to the polycrystal,
as was shown in Fig. 8. Furthermore, such low-frequency
peak arises from the c.m. motions part of the total DOS,
as is also illustrated from the figure.

Several other broad features are also visible in both
the experimental and calculated spectra, which can be
correlated with the different features appearing in the
DOS obtained from the LD calculation. In particular,
the broad structure centered at about 12 meV and the
sharp peak at 27 meV can be assumed to have the same
origin as was mentioned above.

IV. DISCUSSION

The acoustic (mostly translational) character of the
low-frequency vibrations that are known to be a univer-
sal characteristic of the glassy state®® has been evidenced
from the concurrent use of INS and computer MD simu-
lation as well as LD in the harmonic approximation for
the polycrystalline case. The harmonic character of such
modes has been established from the analysis of the tem-
perature dependence of the inelastic intensities. On the
other hand, a comparison of higher-frequency vibrations
in both crystalline and glass phases shows that, at least
for modes giving rise to well resolved peaks (i.e., the one
at 32.5 meV in the crystal and those above it), a no-
ticeable softening takes place in the glass phase. Such
phenomenon can be explained in terms of the onset of
highly anharmonic motions in the glass so that the aver-
age frequency w,y is reduced by an amount Aw from the
crystal wg reference value. From the frequency shifts, it
is therefore possible to estimate the order of magnitude
of the cubic term of the expansion of the intermolecular
potential in small displacements (neglecting quartic and
higher-order interactions) a3 from®7

502 ,

Aw=——%7
3 "harm?
12wg

(12)

where the rZ, | term is a mean displacement correspond-
ing to the low-temperature regime where only harmonic
motions are to be considered. For such a purpose the
Tfarm Value was taken from a low-temperature (15-K)
diffraction study of the solid o phase!® where a value of
0.031 A2 was found. Using this estimate and the 5.5-meV
decrease in frequency of the rotational peak, a value for

ag of 8.77 x 10%7 rad?s—2 A7 is obtained. Such a value
contrasts with the one for the quadratic term, which is
wg = 2.43 x 10?7 rad?s~2, which is calculated from the
frequency of the rotational peak in the polycrystal. The
anomalously large value of the cubic term precludes the
use of any perturbational approach for any significant cal-
culation of properties such as mean-squared amplitudes
of vibration.

A similar characteristic was also noted by Syrykh,
Zhernov, and Chernoplekov®” in a study of the DOS of
amorphous metallic alloys, where the presence of soft lo-
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cal atomic configurations leading to large effects notice-
able in the Debye-Waller term was assumed.

Although there have been reported some mechanisms
to account for such a kind of frequency reduction where
local strains® or some sort of instabilities®® are assumed
to be the origin of such phenomenon, it has been diffi-
cult to apply the proposed schemes for a realistic case
such as the one considered in the present work. A ten-
tative scheme to explain the sound-mode softening by
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localized motions following some ideas recently applied
for the study of orientational glasses?! will be presented
in a subsequent paper.

An attempt to study the temperature dependence of
the specific heat at constant volume, C,, calculated using
the DOS derived from experimental means as well as from
MD or LD has also been carried out. The C, curves
calculated within the harmonic approximation according
to

oo [ (L) oo () /oo () 1] 21 .

where Z(w) has been obtained from the computer cal-
culations and from the INS experiments, are shown in
Fig. 12(a),3 as well as some experimental results of the
C, constant-pressure specific heats measured by means
of adiabatic calorimetry.40

As can be readily seen upon inspection of Fig. 12(a),
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FIG. 12. The upper part shows a comparison of the tem-

perature dependence of the specific heat at constant volume
C, calculated from the LD and MD densities of states with
the ones obtained from the present set of neutron and calori-
metric (for Cp) experiments. The calculations carried out
within the harmonic approximation for the computer calcu-
lations are shown as MD (total C,, i.e., the sum of center-of-
mass, rotational, and coupling-terms contribution), as well as
the mostly center-of-mass MD(c.m.) and rotational MD(rot.)
components. The polycrystal data are given as LD and the
+ markers show the result using the DOS obtained from in-
version of the experimental data. The calorimetric data for
the glass are shown by open triangles. The lower part of the
graph shows the low-temperature region of the C, /T curves.
The same symbols as those in (a) are used.

f

the specific heat calculated from MD substantially dif-
fers from the one corresponding to the crystalline, refer-
ence state. At temperatures below 5 K the crystal shows
an approximate T° behavior, with a temperature coeffi-
cient of 1 x 10~% JK—4 mol although a clear departure
from pure Debye behavior is seen below 1 K, as will be
commented on below. The glass data shows a stronger
dependence with temperature, which gives a correspond-
ing coefficient in T3 of 3.71 x 103 JK~%4mol™! and a
more severe departure from the cubic dependence law.
Although the C, data can be, up to T' = 5 K, approx-
imately accounted for with additional terms with linear
and quadratic temperature dependences, we were unable
to get a reasonable approximation for the shape of the
C,T~3 curves using physically meaningful (positive) val-
ues for the temperature coefficients.

The fact that all the experimental data lie above the
curve corresponding to MD, especially as the tempera-
ture is raised, can be interpreted for temperatures above
10 K as a clear indication of the importance of both an-
harmonic effects, which were evidenced by comparison
of the high-temperature DOS with those calculated from
LD and MD, as well as the contribution of the internal
molecular degrees of freedom, which has been neglected
in both LD and MD calculations. Such higher-order (an-
harmonic) processes seem to be equally important in the
crystal phase, as can also be gauged from comparison of
the polycrystal Z(w) with the one calculated by scaling
the LD result to the same temperature as shown in Figs.
5 and 8. However, the strong discrepancy between the
calculated and experimental C, for T=5 and 10 K seems
to indicate that additional effects are present in the real
glass but not in the computer-generated one.

In any case it should be taken into account that at low
temperatures where the inelastic intensity is very weak,
and below 1 meV, the neutron data using the energy res-
olution achieved in the present work, cannot provide an
accurate measurement of the Z(w) because of the diffi-
culty of separating the contribution from the huge elas-
tic peak from the inelastic response. Therefore, the data
measured at T = 5 and 10 K should be affected by large
errors, it being difficult to estimate the accuracy of these
two points.

In order to explore the low-temperature behavior of
the specific-heat curves, Fig. 12(b) shows the functions
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Cy(T)/T? corresponding to the computer calculations.

Several comments are in order regarding the Fig. 12(b):
First and foremost, the MD curve shows a noticeable ex-
cess in specific heat with respect to the crystal phase,
which gives rise to a well-defined maximum located at
about T = 4 K. In contrast, only a broad feature is
seen in the LD curve centered at about 12 K. The ex-
perimental data (not shown in the graph) lay substan-
tially above the curve calculated from the MD simula-
tion. Several causes may explain this discrepancy, such
as anharmonic effects at high temperatures and intrin-
sically quantum features that are dominant at low tem-
peratures. It is obviously difficult to separate the effects
due to anharmonic motions from others that are assumed
to be characteristic of the low-temperature properties of
glasses. However, it should be remarked that the anhar-
monic contributions should be greatly reduced at these
temperatures, and therefore the reason for such an en-
hancement should be sought as arising from other phe-
nomena that cannot be accounted for using classical me-
chanics simulations. Furthermore, it has to be taken into
account that a contribution linearly dependent with tem-
perature, which is supposed to be dominant below 1 K,
has to be added in order to account for tunneling be-
tween two-level systems (TLS’s) according to the stan-
dard version of the TLS phenomenology.! Since there are
no low-temperature measurements of the specific heat for
this material (the lowest achievable temperature in the
reported calorimetric measurements was about 5 K) it
was not possible to estimate the value for the coefficient
of this linear term.

Also remarkable is the fact that the relatively small de-
viation from a T2 law commented on in the previous sec-
tion for the polycrystal can be assigned to the rotational
contributions to the DOS since an analogous behavior is
seen in the figure for the mostly rotational part of the
MD-DOS. As can be seen from Fig. 12(b), a clear de-
crease in specific heat occurs from 2 K downwards, and
at about 0.5 K the rotational motions are nearly com-
pletely frozen.

An attempt to analyze the shape of the pronounced
bump at about 4 K in terms of a sum of temperature-
dependent terms with integer or fractional exponents
failed to give any reasonable approximation if the co-
efficients were constrained to be positive.

The presence of such a bump is, therefore, accounted
for by the mostly center-of-mass part of the MD-DOS
that is peaked at low frequencies (about 6 meV). More-
over, the shape of such a maximum can be reproduced by
calculation of the C, T2 function using a frequency cut-
off of 10 meV. The origin of this feature can be assigned
to the three different frequency regions, which were ap-
parent in the MD-DOS (i.e., a Debye behavior below 1
meV, an increase higher than w? between 1 and 3 meV,
and a higher-frequency region with a weaker w depen-
dence ).

Finally, a comparison of the C,T~3 curves obtained
from MD as well as the one computed using the DOS
corresponding to 7 = 10 and 35 K is given in Fig. 13.
The reason for choosing the neutron data for 7' = 35 K
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FIG. 13. A comparison between the C,T~3 calculated
from the simulation (MD) and the one obtained using the
DOS corresponding to the measurements at T = 10 and 35
K.

was, as mentioned above, due to the fact that the mea-
surement at this temperature has better accuracy than
the lower-temperature ones. The most noticeable differ-
ence between these two curves is the shift in the broad
bump from T = 4 K in the simulation to T = 7 K in the
neutron curve. Such a discrepancy may be readily taken
into account from consideration of the fact that, due to
the anharmonicity contributions, the DOS at T' = 35 K
is peaked at higher frequencies than the one obtained
from the simulation. On the other hand, the position in
temperature of the maximum calculated using the DOS
measured for 7 = 10 K is in good agreement with the
simulation one, although, as can be seen from Fig. 12(a),
the curve had to be scaled to enable the comparison to
be made.

V. CONCLUSIONS

The present paper constitutes, to the best of our
knowledge, the first attempt of analysis of the dynam-
ical response of a molecular glass former in terms of the
relevant microscopic motions. In contrast with the sit-
uation for glassy metals where the advantages of com-
paring of computer calculation results*? with the mea-
sured structure factors were early appreciated, the inher-
ent difficulty in carrying over such calculations for real-
istic glass-forming molecular systems precluded any dis-
cussion in microscopic and quantitative terms. Although
some comparisons have been made between experimen-
tal results obtained from complex organics and predic-
tions from kinetic theory of the “mode coupling” family,
the fact that the predictive power of the kinetic-theory
approaches cannot be extended far below T, seems to
preclude its applicability to realistic situations where the
main focus of interest is in the low-temperature region
where clear anomalies are observed.

However, the concurrent use of experiment, MD, and
LD has been shown to be a powerful tool for the investi-
gation of the dynamic characteristics of the glass phase,
and some of the most relevant conclusions are given be-
low.
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The low-frequency peak in the S(Q,w) dynamical
structure factor of a molecular glass former has been
studied by incoherent INS and simulation means (MD)
taking the polycrystal as a reference state. This finite-
frequency peak, which is only found in the glass at an
energy transfer of about 2 meV, is of a mostly transla-
tional nature as evidenced from comparison of spectra
calculated from the different contributions to the DOS
obtained by means of MD simulations. The presence of
such a peak is a direct consequence of the presence of
“excess” modes in the DOS of the glass, as evidenced by
comparison of both experimental and calculated spectra
for the glass and polycrystal phases. In opposition, the
lowest-frequency peak in the polycrystal at about 6 meV
in energy transfer has a rather different nature since the
modes giving rise to this finite-frequency response are of
mostly rotational origin. Such an “excess DOS” has been
evidenced to be of a harmonic nature from the temper-
ature behavior of the inelastic intensities. In this latter
respect, it is worth emphasizing the fact that even for
this case where the molecular unit shows highly anhar-
monic internal vibrations the excess DOS still is of purely
harmonic nature.

The presence of a noticeable bump in the C,, T~3 curves
is substantiated from a comparison of the results from
both MD and experiment as was shown in Fig. 13.

Finally, a comparison with published data for some
other glasses such as vitreous silica*® or amorphous ice*4
can be performed in a qualitative basis. From the results
presented in this work, it seems clear that for molecular
systems the current assignments of the most prominent
features appearing in the DOS may be an oversimplifi-
cation. As a matter of fact, the lowest-frequency peaks
appearing in the total DOS in molecular systems in glassy
or crystalline states cannot be assigned to excitations of
a purely translational character since such kind of excita-
tions (i.e., with no rotational component) is expected to
be confined to a frequency range barely reachable by INS.
However, MD simulations enable the separation of the
mainly translational part contributing to the total DOS.
Furthermore, in the particular case of amorphous ice, the
substantial crossing of optic branches with the acoustic
ones?® as well as the presence of low-lying modes whose
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frequency at the zone boundary falls close to the acous-
tic ones, will lead to a DOS with characteristics that are
common with the one analyzed in the present work.

A similar enhancement in the low-temperature re-
gion of the C, /T2 curve has been reported for vitreous
silica®® as well as for some other few glasses, including
those of orientational origin?, which have been actually
measured.?8 In particular, from the shapes of the curves
showing the harmonic contribution to the specific heat
obtained from a low-temperature neutron measurement
on amorphous ice,%* a similar behavior can be inferred.
Although such a phenomenon is supposed to be of a uni-
versal character, the temperature at which the C, /T3
curves show their maxima seems to be strongly sample
dependent. It seems therefore natural to call for an ex-
tensive intercomparison of the available data in order to
see if some scaling law to take into account this depen-
dence can be formulated.

As a final remark a comment regarding some charac-
teristic features found in the DOS of this system as well
as some others is in order. It is well known that a crystal
phase formation implies collectively coupled movements
of molecules far apart. For this reason, we can intuitively
expect that a material whose crystalline phase presents a
large number of lattice modes behaving according to an
Einstein model may have some tendency to form a glassy
state, where long-range order is lost. Therefore, we pro-
pose as a subject of future research to investigate whether
other molecular systems presenting a glassy state also
show well-defined sharp peaks in the distribution func-
tion of lattice frequencies for the crystalline phase, in
order to establish a relation between these two facts.
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