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Measurements of the pressure dependence atT ­ 80 K of the vibrational spectrum of a polymorphic
material in its amorphous (G), orientationally disordered crystal (ODC), and ordered crystal (C)
phases has permitted the separation of orientational and site disorder effects on Grüneisen paramet
used here,pars pro toto, as a measure of anharmonicity. The greater anharmonicity found for
G compared to ODC is consistent with their differences in specific heat, while the very similar
and strong vibrational attenuation in the two glassy phases indicates that phonon scattering forT
above the thermal conductivity plateau arises mainly from orientational disorder of the molecules
[S0031-9007(98)08355-0]
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Since the discovery of universality in the low
temperature thermal properties of amorphous solids [
the term “glassy” has come to describe any material e
hibiting some dynamic behavior [2–4] usually associate
with glasses. As glassy behavior has also been found
a variety of disordered crystals, the relative roles play
by structural disorder and, e.g., anharmonic or nonline
interactions [5] need to be resolved experimentally.

Although glassy behavior below 1 K is well describe
by tunneling phenomena, the higher-temperature therm
activation regime is complicated [6] by the combined e
fects of larger amplitude vibrations more susceptible
anharmonicity and stronger disorder-induced phonon sc
tering. Anharmonicity in disordered systems can suppre
Anderson localization of excitations [7] and thereby influ
ence the high-temperature thermal conductivity [8] that
found to be universally lowest in the amorphous phase
of materials.

In order to help clarify the nature of “glassyness
at higher temperature, we provide here a model-fr
assessment of the relative importance of anharmonic
and structural disorder for a glassy material in th
high temperature (T , 80 K) thermal activation regime.
The experimental separation of these two effects sho
establish whether different ranges of vibrational frequen
feel the effects of disorder and anharmonicity in differe
ways, helping to motivate an adequate microscopic mo
for glasses.

Our approach is to study the anharmonicity in three d
ferent phases of the same material under the same th
modynamic (T andP) conditions. Ethanol is one of the
few materials which can exist at a given temperature a
fully ordered crystal C (monoclinic), as an orientationall
disordered crystal ODC (bcc with random orientations
the molecules), and as a glass G [10]. The ODC pha
retains positional (site) order, whereas the G phase
neither positional nor orientational order (i.e., comple
long-range structural disorder). All three phases can
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producedin situ through mild thermal treatments, and w
have already carried out studies of their structural [11] a
dynamic [12] properties.

Our estimates of the anharmonicity of these thr
phases were deduced from theT and P dependences
of their molar volumes and low-frequency vibration
spectra. Measurement of the pressure dependence
the vibrational spectra of the ordered crystal not on
gave a “baseline” for separating the anharmonic effe
intrinsic to the interparticle potential from those which a
a consequence of glassyness, but also served to pro
an absolute scale of frequencies to which the dynam
of the disordered phases can be referred. In additi
an independent confirmation of our results was provid
by light-scattering spectroscopy measurements of
Brillouin frequency shift as a function of temperature fo
both G and ODC.

The measurements of theP and T dependences of
the vibrational spectraZsvd and molar volumesVm
were carried out using the IN6 and IN5 time-of-fligh
neutron spectrometers and the D1B neutron diffractom
ter, respectively, at the Institut Laue-Langevin (Gren
ble, France). The sample of fully deuterated ethanol w
contained in a gas-pressurized (He) cell to which hyd
static pressures up to 3 kbar were appliedin situ at 80 K.
The three phases were produced and confirmed as
scribed elsewhere [11,12]. The diffraction measureme
provided not onlydVmydP but also the volume therma
expansion coefficientb ­ d ln VmydT down to ,50 K,
for which no reliable data were available. For both
and ODC these quantities were easily derived from theP
andT dependences of the lattice constants, which in tu
were determined from a Rietveld analysis of the (powd
diffraction patterns. For the G phase, two differe
methods were followed and provided consistent resu
The first relied on the interpretation of the param
ters defining the first diffraction peak in both ODC
and G as discussed in Refs. [11] and [13], wherein
© 1999 The American Physical Society 1193
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variation of the centroidQp of the main amorphous peak
with P and T is taken as an indication of the chang
in density, in much the same way as is done for cub
crystals. The second method was to derive the num
densitiesri from the Fourier transforms of the difference
functions DSisQd ­ SisQd 2 S0sQd, where i denotes a
particularT or P value, andS0sQd is the measured static
structure factor at ambientT or P. Most systematic errors
(e.g., strong scattering from the pressure cell) are there
removed and the transform gives directly24pfri 2 r0g,
providing a good estimate ofri (and henceVm).

The pressure dependence of the volume per molec
was then fitted to a straight line (see middle inset
Fig. 1), giving slopes of20.977 (40), 20.827 (33), and
20.445 s80d Å3 kbar21 for C, ODC, and G. The low
value for the glass was obtained self-consistently usi
the two analysis methods and is therefore not an a
fact. The measuredd ln VmydT at T ­ 80 K for the
three solids are 3.01, 3.76, and2.20 3 1024 K21 for
C, ODC, and G. The uncommonly large value fo
the crystal seems to come from the onset at interm
diate temperatures of fast internal (methyl group an

FIG. 1. The spectra of each ethanol phase at 80 K. The m
dle frame inset shows the pressure dependence of the volu
per molecule of the three solids (G: circles, ODC: squares,
triangles). The lower frame inset shows a comparison of t
spectra of the G and ODC phases (solid and dash dots, indis
guishable at this scale) and the C phase (circles).
1194
e
ic

ber

by

ule
of

ng
rti-

r
e-
d

id-
mes
C:
he
tin-

torsional) motions as manifested by an upturn in th
specific heat [13].

The Zsvd frequency distributions were derived follow-
ing procedures described elsewhere [10], and their phy
cal soundness was assessed through comparison of t
calculated low-temperature specific heats with our me
surements ofCp for the three phases. Figure 1 show
that theZsvd for the glass and ODC phases are remar
ably close, whereas that for the C phase shows a d
tinctive shape having a well-defined shoulder at abo
6.5 meV (see the inset in the lower frame), which o
the basis of lattice-dynamics calculations [10] is know
to signal the limit between frequencies corresponding
zone boundary transverse-acoustic phonons and the l
est optic branches. The availability of data covering
large range of energy transfers enabled the normali
tion of Zsvd to an absolute scale of nine modes, com
prising six rigid-body molecular rotations plus translation
and the three lowest-lying intramolecular degrees of fre
dom. As a result, a limit to the maximum frequencie
corresponding to motions of “acoustic” nature can be s
which could enable one to explore heuristically wheth
the effects of increasing density are felt differently b
“modes” of mostly acoustic or “optical” polarizations.

Figure 1 shows that theZsvd stiffen considerably
under moderate pressures. To put this quantitative
we would describe the volumic dependence of som
characteristic frequencykvl in terms of a Grüneisen
constant g ­ 2≠ lnkvly≠ ln VmjT [14]. However, the
absence of a lattice (G phase) and our relatively hi
measurement temperatures impede a true microscopic
scription in terms of individual-mode Grüneisen param
ters. Instead, we use the reduced frequency mome
vn ­ f n13

3

Rvmax

0 dvvnZsvdg1yn of the measuredZsvd
integrated up to anvmax which can correspond to ei-
ther the Debye frequency or to the measurement te
perature (̄hvmax ­ kBTmeas) [14]. A sampling of these
frequency moments (at 80 K and near-ambient pressu
is given in Fig. 2. The similarity in shape of thevn

curves for ODC and G (which differ significantly from
that of the crystal) indicates that the spectra for these d
ordered solids cover the same frequency range and di
only by a small frequency shift. The overall phonon sca
tering/attenuation in ODC and G are likewise very sim
lar, as attested by the near-equal widths of their spec
Ssvd ~ Zsvdyhvf1 2 exps2h̄vykBT dgj.

Our Grüneisen constants can then be calculated fr
discrete differentiation of theVm and vn with respect
to pressure, resulting ingn ­ 2d ln vnyd ln Vm, where
higher n correspond roughly to higher frequencies. Th
gn are quite insensitive to thevmax cutoff value, in anal-
ogy to what we found in Ref. [15] for calculations from
Zsvd of the ku2l mean square amplitudes of vibration
Namely, the main effect of extending the integration ran
above 6.5 meV was to systematically increase the value
ku2l while leaving the trends and differences between t
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pressure-dependentku2l sPd curves of the three ethano
phases basically unaffected, showing that their shapes
governed mainly by acoustic modes.

The results forgn shown in Fig. 2 give a clear char-
acterization of the anharmonic behavior of the glass a
ODC phases with respect to the crystal, up to first o
der (i.e., contributions involving higher-order derivative
could be non-negligible). The marked dependence ofgn

on n indicates strong frequency dependencies of anh
monicity (similar for G and ODC as contrasted with C
In the latter case, additional evidence of anharmonic b
havior is given by an upturn in the specific heat forT *

100 K [13]. The values of our Grüneisen constants ind
cate that the C phase is moderately anharmonic compa
to rare gas solids at equivalent temperatures, wher
the G phase data are comparable to those for fcc Ar
T $ Tmy2 [16] and pertain to a regime where nonlinea
ity is so strong that it cannot be treated as a small pert
bation to harmonic dynamics.

The higher-ordergn show smaller differences betwee
the three phases than do their low-n counterparts. What
seems remarkable is the strong proximity between
gn ’s of C and ODC forn ­ 2, 3, indicating that the large
nonlinear effects experienced by atomic motions in t
ODC and even for the ordered crystal aboveø16 meV
are a consequence of the anharmonic components of
intermolecular potential and that orientational disorder
not relevant at those energies. The differences in
high-ordergn of G and ODC set different bounds to th
frequency ranges where the nonlinear effects are felt
these two glassy phases.

The gn­21,22,23 constants characterize the low
frequency (and low-temperature) dynamics. In gener
one expectsg23 . gu, which measures the volumic
dependence of the low-temperature limiting value of t
Debye temperature, and therefore can be taken as
low-temperature limit of the macroscopicg. Conversely,
a bound for high temperatures is given byg0 . g`. The
steep increase ingn for G and ODC with respect to C
for n # 1 (Fig. 2) simply reflects the presence in th
Zsvd of the two glassy phases of excess modes (i.
the “boson peak”) compared to the crystal’s Debye-lik
Zsvd ~ v2 (see lower inset of Fig. 1). These exces
modes, known to be localized to some extent, are m
subject to anharmonicity than propagating modes of eq
energy (i.e., those of the crystal) [17].

The measuredgn ’s provide some means to evaluat
the low-temperature anharmonic frequency shifts. T
purely volumic contributions are to first order [14] give
by Dv

v jT ­ 2g0DVyV0, whereV0 is the crystal volume
at T ­ 0 K as estimated from linear extrapolations, re
sulting in values of 0.030, 0.026, and 0.042 for C, ODC
and G. The shift arising from a change in temperatu
is, again to first order, given by2f ≠sln vgd

≠sln T d gjV ­ Dvgyvg,
with vg ­ v0e21y3. Data for the temperature variation o
the geometric mean frequencyvg are from previous mea-
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FIG. 2. The reduced frequency momentsvn at 80 bar (upper
frame) and the Grüneisen constantsgn (lower frame) for the
three ethanol phases at 80 K.

surements which have been reported in part [10]. Sin
these concern temperatures up toø20 K, the results of
0.032, 0.015, and 0.015 (C, ODC, and G) should be tak
as lower bounds. As a result, total shiftsDvyv of about
0.057 (C), 0.041 (ODC), and 0.062 (G) are obtained. T
differences in the volumic anharmonicities of G compare
to ODC contrast with the closeness of their widths inSsvd
(i.e., phonon attenuation), and serve to establish that
small difference seen in the locations of the maximum
Zsvd of both solids, which translate into a shift of the
peak in CpsT dyT3, should be ascribed to the differenc
in the strength of anharmonicity, rather than to the s
disorder present only in G. Our values for the volum
dependence of the C phase can also be compared with
man measurements at higher temperatures and press
[18] that yielded frequency shifts of individual (mostly in
tramolecular) Raman lines that were an order of magnitu
smaller than those measured at lower frequencies. T
g23 also have a macroscopic correlate given in terms
the volume expansion coefficientb, the isothermal com-
pressibility k0 ­ 2≠ ln Vy≠PjT­80 K (also derived from
our diffraction data) and the specific heat [10,13]. The
macroscropicg23 values for C, ODC, and G at 80 K turn
out to be 2.923, 4.001, and 4.382, which are close to t
g23 derived from theZsvd (see Fig. 2).

The Brillouin light-scattering measurements were pe
formed with a multipass Fabry-Pérot spectrometer
backscattering geometry from about 5 to 160 K (a fu
account of these measurements will be given elsewhe
The temperature variation of the fractional Brillouin
frequency shiftdvByvB for both G and ODC is shown
in Fig. 3. The data reveal a clear crossover at about 40
above which the magnitude of the change with tempe
ture is larger. Similar findings have been reported for o
ide glasses and polycrystalline materials [2,19]. The slo
1195
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FIG. 3. Brillouin frequency shifts for the G (open symbols
and ODC (filled circles) phases as a function of temperature

DsdvByvBdyDT is believed to be related to the interna
friction (acoustic attenuation) [2], where an increase
slope indicates the onset of a large damping mechanis
The slopes (above 40 K) of the data in Fig. 3 are esse
tially the same for G and ODC, consistent with the nea
equal widths inSsvd from our neutron scattering data
In addition, the frequency shiftsdvByvB at 80 K (not
separable into constant volume and constant tempera
contributions) show the same tendency as the to
Dvyv estimated above from the Grüneisen constan
for ODC and G, a remarkable finding since only orde
of-magnitude agreement could be expected betwe
measurements carried out at optical frequencies and
averaged values from the spectral moment derivatives.

The proximity in the dynamics of the two glassy
solids has recently been shown to extend to macrosco
scales in dielectric relaxation studies [20], where th
characteristic frequencies and activation energies of
sub-Tg relaxations in G and ODC have been found t
be remarkably close. Moreover, these studies ident
large-amplitude molecular librations as the most plausib
entities giving rise to such relaxations.

In summary, the strong similarity in the vibrationa
spectra and phonon attenuations of the two glassy pha
suggests that the localization of vibrational excitations
due principally to orientational disorder. The anharmon
behavior of these two phases can, however, be quant
tively distinguished in terms of Grüneisen constants, wi
G showing greater anharmonicity than ODC, associat
with a small frequency shift that is confirmed by spe
cific heat and light-scattering data. The similar frequen
dependences of anharmonicity of the two glassy pha
differ strongly from that of the C phase which serves a
an experimental baseline. Furthermore, our results ide
1196
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tify the low-frequency “excess modes” part of the gla
spectra as that most prone to the effects of anharmo
ity, confirming earlier theoretical results for a Lennar
Jones glass [17]. We believe that these excess mode
ethanol involve fairly large-amplitude orientational excu
sions [20] which are reminiscent of the reorientations
CN dipoles in mixed halide crystals [21].
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