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Quantitative Assessment of the Effects of Orientational and Positional Disorder
on Glassy Dynamics
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The microscopic dynamics of several phases of solid ethanol are studied under the same
thermodynamic conditions by inelastic neutron scattering. It is found that the vibrational density
of states of the orientational glass phase, where the molecules are arranged on an ordered lattice
but with disordered orientations, is very similar to that of the structural glass phase, where the
molecules are disordered both in position and orientation. Low-temperature specific heat measurements
on the same phases strongly support the neutron measurements. We therefore find that positional
disorder, even in a stoichiometrically homogeneous system such as ethanol, is not essential for the
manifestation of glasslike behavior to an extent comparable with that exhibited by the structural glass.
[S0031-9007(96)02079-0]

PACS numbers: 63.50.+x, 65.40.+g

The quest for a simple microscopic model which retaingals where only the positional order is preserved while
sufficient detail to explain the principal phenomena ofthe relative orientations of the (nonspherical) particles at
so-called “glassy behavior” (e.g., in the context of low- lattice sites show either rotational or orientational disor-
temperature thermal [1] or elastic [2] properties) hasder [8,9], the former referring to rotating molecules (a
recently been the focus of increased research activity [3fotator-phase crystal) and the latter to molecules being
In fact, a number of physical models have been developefixed but randomly oriented (an orientational glass). Be-
which exhibit typical “glassy anomalies” but which do cause of the presence of an underlying lattice, such ori-
not contain the structural disorder characteristic of a truentationally disordered crystals offer the possibility of a
glass or amorphous solid. These models encompassfally analytical treatment for a number of static and dy-
variety of conceptually simple systems which vary fromnamical properties also considered as being character-
a finite temperature Frenkel-Kontorova chain [4] to meanistic of the glassy state, such as the softening of the
field descriptions devoid of multiple free-energy barrierselastic constants due to orientational disorder, the fre-
[5] and ordered periodic objects such as a long-rangguency dependence of the sound velocity and the well-
array of Josephson junctions [6]. As far as condenseinown anomalies in the dielectric behavior seen in most
matter systems are concerned, an outstanding questighasses [10,11].
is the extent to which the loss of periodicity, going However, most materials which can be prepared easily
from an ideal crystal to a true structural glass, affectsas orientationally disordered crystals cannot be produced
the microscopic dynamics and gives rise to the wholen amorphous form [9]. In addition, the best-studied ex-
variety of phenomena characteristic of glasses, such asmnples of the former, such as complex organics [12] or the
the appearance of complex relaxational behavior and lowstoichiometrically mixed orientational glasses [13,14], ex-
energy two-level systems (TLS) [7]. A natural way hibit in some respects [15] a behavior disparate with that
of addressing this question would be to study a singleshown by canonical (i.e., structural) glasses [1,16]. These
system which can be produced in two different phaseswo factors have, to some extent, separated the study of
showing glassy behavior at the same temperature, orglassy dynamics into two camps: structural glasses and ori-
phase retaining molecular periodicity, and the other notentational glasses. As a result, some significant advances
This is the subject of the present paper. arising from microscopic studies on orientationally disor-

A class of condensed matter systems which can exdered crystals (e.g., the origin of excess modes in the vi-
hibit the characteristics of glassy dynamics is that of crysbrational density of stateés(E) [11]) have been considered
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to have limited relevance for the understanding of similar 110°* —r——r
phenomena in amorphous matter [17]. :
The purpose of this work is to present, by means of a 8 10°°
case study of ethanol, some results which should help to
bridge the gap between studies of orientational glasses anc 6 105
structural glasses. Ethanol appears to be unique in that ity
can be prepared as a stable orientationally ordered crystal =
a rotator-phase (RP) crystal, an orientational glass (OG),
and a structural glass, all from the liquid state with relative
ease [18] andn situ using the same sample subjected to
mild variations in temperature and thermal history. Most
importantly, the OG and structural glass phases can be 0.015
studied in the same temperature rafifje< 95 K).
The structural glass is formed by quenching the liquid
at a rate greater than about &min (7, = 97 K), and
the RP crystal (metastable) is formed through a subsequen ~ 0-010
anneal at a temperature between about 105 and 110 K for __
several hours. The OG phase can then be obtained simply &=
by cooling the RP crystal below the transition temperature w4 005 s
TO9 ~ 97 K. Finally, the stable crystal can be formed
either through slow cooling from the liquid’,, = 159 K)
or by annealing the RP phase at a temperature above
125 K. The structure of the stable crystal has been 0.000 17—
determined by Jonsson to be monoclinic [19]. 0 2 4 6 8 10
Based on preliminary x-ray diffraction work, as well E (meV)
as recent neutron diffraction measurements [20], the

siructures of the OG and RP phases are known to be thofJ, &, (@) %, Sompericn, o 107, specue, b feueras,
of bec crystals with lattice constants ab, = 5.28 A peak for the stable crystal (dots), OG (solid), and structural

(T = 30K) and a;, = 5.32 A (T ~ 105 K) In both  glass (crosses), all & = 30 K. The inset shows thi situ
cases the molecules sit at lattice positions, in the RAOF diffraction results, which confirm production of (i) the
crystal executing nearly spherical rotations and in the OGtable crystal (dots) showing the two peaks which index in

being frozen in apparently random orientations [20]. ~ t&rms Odf en]:l/el(;_pes Oz(ﬁttlho’ 08%;’ 11&) an(gﬂ(l)_g’?ll)ll;ﬁ%o) "
. . : ) Ao grouped reflections, (i) the OG phase (solid line) showing the
To investigate in more detail the close similarity be?(llo) reflection, and (iii) the glass phase (vertical bars). Notice

tween the generalized frequency distributions of ethanol ifnat both the stable crystal and OG peaks are resolution limited
its amorphous and orientationally disordered crystal formsgue to the grouping of detector banks for improved counting
already illustrated by previous Raman studies [18], a sestatistics. (b) TOF spectra for the RP crystal (solid line) and
of measurements of the dynamic structure factors by colée stable crystal (dots) at 105 K.
neutron time-of-flight (TOF) spectroscopy was carried out.
In both cases, the spectrum of the stable crystal was taken
as a base line to which the glassy anomalies could bprevious studies of low-temperature thermal properties
referred. (e.g., Ref. [14]), that the vibrational densities of states of an
Figure 1(a) shows a set of TOF spectra averaged overientational glass and a structural glass should be similar,
all detector angle$Qm.x = 2 A1) fora fully deuterated this is the first time that such a similarity has been demon-
sample of ethanol in its OG, amorphous and stable crystatrated quantitatively for a single system at the same tem-
phases (all af’ = 30 K), using the IN6 spectrometer at perature. As can be seen, the main discrepancy between
the Institut Laue-Langevin. The fully deuterated samplethe glass and OG spectra is the small difference in height
was chosen since its substantial coherent cross sectiarfthe inelastic feature located at about 2 meV, customarily
made it possible to ascertain the phase of the sample lpalled the “boson” peak in the glass literature [17]. In fact,
plotting the total intensity versus wave number, displayedhe glass and OG spectra become basically indistinguish-
in the inset of Fig. 1(a). able above 3 meV, while their convergence to the stable
The comparison between the three spectra of Fig. 1(ajrystal's spectrum near 6 meV sets an upper limit to the
constitutes the clearest indication, to the authors’ knowlfrequency range of their excess “glassy” modes. This fre-
edge, of the close relationship between the dynamicquency range corresponds roughly to the “plateau region”
of an orientationally disordered crystal with that of a[l]in the thermal conductivity of glassy materials.
state attained by the removal of its underlying lattice Figure 1(b) compares TOF spectra at 105 K for the
(i.e., amorphous). Although it was already known, fromRP phase and the stable crystal (produced by annealing
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the RP at 125 K), which clearly shows that, apart fromtemperature corresponding to their maxima (denoted as
a noticeable downshift in the boson peak frequency off},.,), a few percent decrease in the height of that peak
the RP phase, the extent of glassy modes (i.e., relativedenoted asP.) and, possibly, a small difference in the
to the spectrum of the stable crystal) in the RP crystal ionset of the quasilinear contribution ascribed to tunneling
comparable with that of the OG phase. between two-level systems. We find thBt., and P,

To probe the extent to which the close similarity of scale asP. « T2, an exponent not far from that of
the glass and OG spectra translates into thermodynamie 1.6 recently found from the analysis of a large number
properties, several sets of specific h€gtmeasurements of materials [23]. Following the scaling of Liet al. [24],
at temperatures within the interval<= T = 30 K were the inset of Fig. 2(a) shows a graph [af,(T)/T*]/P.
carried out using a calorimetric cell described elsewhereersusT/T.., Where it is seen that the data for the
[21]. This experimental setup has been designed tglass and OG crystal superimpose for temperatures above
preparein situ the different phases and to conduct low- T /T, = 0.6. In contrast, and following similar findings
temperatureC,, measurements of molecular solids whichregarding different forms of vitreous silica of various
are liquid at ambient temperature [22]. densities [24] upon scaling, the curve for the ordered

Some results for the measured specific hégtsf fully  crystal shows a far narrower shape.
hydrogenated ethanol in its stable crystal, OG and glass A calculation of the specific heats was attempted us-
phases are shown in Fig. 2(a) plotted@dT)/7°. The ing data for the vibrational frequency distributions mea-
data for the stable crystal show (as expected) far smallesured by neutron TOF on several instruments, allowing
values than those for the glass (a bit less than half), anthe measurement df(E) up to energies corresponding
the broad maximum at some 14 K arises mainly from thdo the maximum temperature considered. Whereas ac-
first intense maximum (due mostly to molecular rotations)curate low-frequency data (down to 0.35 meV) were de-
appearing in the stable crystal TOF spectrum at aboutived from the measurements on IN6, data extending up to
6 meV. The glass and OG crystal curves are remarkabl@5 meV were measured using the HRMECS spectrometer
similar, the differences being a shift of some 1.5 K in theat IPNS (ANL) at the two incident energies of 10 meV

and 40 meV, which enabled us to derive useful informa-
3.5 o ' ' tion on the down-scattering side of the spectrum. The

E ' results for the specific heat calculated on the basis of the
L 3.0 harmonic approximation are shown in Fig. 2(a) and give a
- 25 f rather good agreement with the measu@gd7)/7° data.
E : The calculated curves, which correspond to spectra mea-
- 2.0 F sured at a single temperature (i.e., anharmonic effects are
£ L5 : neglected) follow the trend shown by the calorimetric data
> TE down to about 3 K, where resolution effects start to be
= 1.0 f important. The present measurements are also in rather
(<l - . . g
~ o5k good agreement with estimates for the densities of states
Sl derived from our previous Raman data [18].

0.0 LC Additional specific heat(,) data [21] for ethanol show

that a freezing of the rotational motion® P — OG)
leads to a drop i, which is almost 90% of that involved

in the liquid — glass transition (wherein both rotational
and translational movements freeze out), attesting to the
large amount of energy in the molecular rotations of the

4 0.06

AL RP phase. It is therefore not too surprising that the two
1002 transition temperature§’{ and7_%) are the same within
SHNIRUNTRTTOR: I our precision of measurement. It is, however, somewhat
0 2 4 6 8 10 12 14 . .
E(meY) E (meV) curious that neither of these two temperatures changes

significantly upon complete deuteration of the ethanol

FIG. 2. (a) Measured specific heats of hydrogenated ethan ; ; ;
for the stable crystal (crosses), OG (triangles), and structur{:'fljnoIecule (showing only an increase of about 2 K), since

glass (circles), displayed &, (T)/T3. The smooth lines show ©ON€ could expect deuteration to change significantly the
the specific heat calculated within the harmonic approximatiodmoment of inertia of the molecule.

from the Z(E) generalized vibrational frequency distributions  In conclusion, we have shown, through measurements
obtained from TOF measurements. Inset: A scaling of theof the microscopic dynamics of the orientational glass

specific heat curves as described in the text. (b) The lowy,q structural glass phases of a single system (ethanol)

frequency region of th&(E) curves for the glass (crosses), OG "
(solid), and stable crystal (dots). (c) A comparison of &) at the same temperature, that the loss of the positional

curves for the RP (solid) and stable crystal (dots) measured &rder of the molecules perturbs only slightly the amount
125 K. of excess glassy vibrational modes already present in the
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orientational glass. In addition, the evidence of glassy10] A. Loidl and R. Boéhmer inDisorder Effects on Relax-
behavior in the rotator-phase crystal and the presence of a ational Processesedited by R. Richert and A. Blumen
freezing transition into the orientational glass phase, apart  (Springer-Verlag, Berlin, 1994), p. 659.
from constituting a physical realization of some rigid- [11] J.P. Sethna, E. Grannan, and M. Randeria, Physica
needle models which show glassy behavior [25], openf (Amsterdam)169B, 31§ (1991), and references t.hereln.
up the possibility of investigating whether tR? — OG 12] M. Descamps, M. Bée, P. Derollez, J.F. Willart, and
transition is a purely dynamic phenomenon; if so, then it L. Carpentier, inQuasielastic Neutron Scatteringgited

. - 7 . by J. Colmeneroet al. (World Scientific, Singapore,
might be explained within some mode-coupling approach

1994), p. 107.
of the kind used to investigate solid-solid transitions [26].[13] k. Bi%dﬂr and J. Reger, Adv. Phy&l, 547 (1992).

Towards this aim, we are planning to carry out high-[14] J.J. DeYoreo, W. Knaak, M. Meissner, and R.O. Pohl,

pressure measurements of the dynamics of the phases and Phys. Rev. B34, 8828 (1986).

phase transitions in ethanol. [15] See, for instance, Fig. 2.6 in R. Bohmer and C. A. Angell
This work was supported in part by DGICYT in Ref. [10], p. 11.

Grant (Spain) No. PB92-0114-C03-01, and EU Grani16] R.B. Stephens, Phys. Rev.& 2896 (1973).
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