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The dynamics of crystalline glycerol are studied by means of Raman spectroscopy and lattice dynamics
calculations employing a semiflexible model to represent the low-lying molecular vibrations. The latter is
validated against structural, thermodynamic, and spectroscopic data. The results serve to set an absolute
frequency scale for glassy glycerol, which is also studied by Raman and incoherent inelastic-neutron scattering.
Some implications of the present findings regarding ensuing discussions on glassy dynamics are finally com-
mented on.

I. INTRODUCTION On the other hand, such low-frequency vibrational char-
acter persists well into the supercooled and even normal lig-
The understanding of the dynamical processes in highlyid phases as evidenced by the presence of well resolved
viscous liquids such as glycerol as well as the glassy stateeaks at low frequencigsBoson” peaks in the neutron and
achieved upon crossing from above the glass transitiofR@man spectra up to temperatures as high ag 4.5°%As
[T,~185 K at saturated vapor pressy8vP)] has been the 2 matter of fact, as shown in Ref. 8, t_he spectra for frequen-
focus of a great deal of attention for many decades. Its largéi€s above 1 THz can easily be superimposed after scaling by
viscosity at temperatures about melting3 Pas at room the Bose factor for temperatures within the range 170-313

temperature and zero pressiirmakes nucleation processes ¢ thus indicating that at least for such frequencies, the vi-
leading to crystallization extremely rare, thus enhancing th@ratlons in the glass and liquid share rather similar charac-

- T : teristics.
stab|l|ty_ of the strongly sl_JpercooIed liquid, which can then Under such circumstances, establishing an absolute fre-
be studied for very long times.

Despite the wealth of thermodynamic studies involving.qu.enCy scalg as given by the crystal, to which the character-

tatic and d 2 " ther | tigati istic ano_mahes of the glas_sy state can pe referred to seems a
static- an yr,‘am_'ﬁ measurements, or other investigations prerequisite for any quantitative discussion on the dynamics,
employing opticl~ or dielectric relaxation mearfsand up 5t jeast for frequencies above a few hundreds of GHz. This
to the authors knowledge, no attempt to relate such findingg,, |4 then serve to overcome the difficulties derived from
to the underlying microscopic motions has yet appearedne yse of oversimple models as a referefige, Debye-like
However, consideration of heat capacity dftar the mate-  frequency distributions the validity of which are confined to

rial in glass and crystal states at temperatures somewhat bggther low temperatures. Such an exercise would also seem
low T, (i.e., 170 K, gives CI*%~91.4 Jmol'* K, {0 be essential if some dynamical property such as the gen-
Cp¥~83.1 Jmol'* K, something which indicates that eralized susceptibilitfor dynamic structure factpiis to be

(a) a substantial contribution to this thermodynamic magni-discussed in terms of results able to describe the relevant
tude involves motions additional to rigid-body molecular ro- motions of monoatomic systems ofilguch as those pertain-
tations and translations, which would yield a high-ing to mode-coupling-theor¢yMCT) approaches.

temperature limit 0~49.9 Jmol'! K ~1, and(b) the heat Our emphasis will thus be centered on the development of
capacity excess of the glass with respect to crystal onlya microscopic model able to give due account of the crystal
amounts to some nine percent 6f, strongly suggesting structure and dynamics which may be adapted for computer
that most of the atomic dynamics in the disordered state casimulation studies of the glagand cold liquid at tempera-

be understood in terms of vibrations. tures aboufl. To achieve that, the crystal structure, ther-
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modynamics, and Raman spectra are studied as benchmarks

for the development of such a force field. The frequency
distributions calculated for such a lattice-dynami¢hD)
model are then considered as those characteristic of th

~

“ground state” to which those measured for the glass can be
referred to.

Finally, some implications of the present results regarding
current discussions on the dynamics of glasses near the glass
transition are considered.

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

A. Experiments

Several attempts to grow stable crystals, all of them in-
volving solution of glycerol into a low-viscosity solvent,
were performed. After several trials with different solvents,
the procedure sketched in Ref. 9 was followed since it gives
rise to crystallization under reproducible conditions. Seed
crystals were grown by dissolving under an inert atmosphere
equal amounts of glycerd®5 c.c) and ammonia on a liquid FIG. 1. Optimized crystal structure projected along thirec-
nitrogen bath for about fifteen hours. The mixture was thention. The numbering identifies the atoms of a molecule taken as
brought to about 221 K by transferring the vessel into areference. The bonds drawn with empty lines represent intermolecu-
container filled with a mixture of hexanol and dry ice. The lar hydrogen bonds. The inset shows a schematic diagram of the
seeds then started to grow, and full crystallization wasmolecular structure identifying the seven internal molecular coordi-
achieved in about five hours. The solvent was then removedates considered in the LD model, which comprigesond bend-
by bringing the vessel into contact with another reservoiring and¢; bond torsions.
kept under liquid nitrogen, repeating this operation several
times until completion. B. Computations

The samples were purified in order to remove the traces of i
occluded ammonia by grinding the crystals under a dry ni- The experimental crystal structure belongs to the ortho-
trogen atmosphere and subsequent pumping under vacuumrgembic P2,2;2; space grouf with four C303Hg units
273 K for 24 h. The Raman measurements were carried uger primitive cell. The molecule adopts an extended
ing a X-Y Dilor multichannel spectrometer employing the conformation'” where the second row atont€,0) are ap-
514.5 nm and 488 nm emissions of a coherent Aaser proximately coplanar, showing a shape of a flatten&d, ™
keeping the incident power below 80 mW. The spectra weravhich is the most stable conformation for the isolated
recorded for temperatures within the 8R<300 K interval  molecule!’ The crystal packing shows infinite hydrogen-
using a backscattering geometry for the crystal and the rightbonded chains, each hydroxyl hydrogen participating in one
angle one for the glass and liquid. Temperature control wabBydrogen bond and each oxygen being involved in two hy-
achieved by means of an Oxford Instruments continuum fluxdrogen bonds both as a donor and acceptor, yielding a total
cryostat, and the optical slits were set to achieve a nominadf twelve hydrogen bonds per unit céflee Fig. 1
resolution of 0.08 THz. The measured Raman intensities We started from the model of Roet al** which consid-
were normalized by thén(w)+ 1] temperaturgBose fac-  ers the CH and CH groups as point masses. The energy-
tors for the Stokes side of the spectrum so that a normalizethinimized crystal structure departed from the experimental
spectrum is given by .o @) =1 (w)/[n(w) +1]. one considerably more than the usual threshold values in

Inelastic incoherent neutron scatterifigNS) measure- crystal packing studies using atom-atom potentials. Such a
ments have been carried out in order to contrast the frefailure arises from the neglect of interactions of the hydrogen
guency distributions derived from Raman scattering. Al-atoms, which are crucial in determining the packing in mo-
though some neutron data have recently been repditeth  lecular crystals. A more realistic model, with all atoms as
the relatively high temperatures exploréabove 170 Kin  force centers interacting through a potential function,
those measurements and the restricted kinematic réhge V(r)=—A/r®+Bexp(—Cr), was chosen and the parameter
employed incident energy was 1.13 me\j make them of sets selected amongst the most reliable dhdhese func-
scarce utility for the present purposes. A set of measurement®ns account for all atomic interactions exception made of
on a fully hydrogenated sample of glycerol for a range ofthe hydrogen-bond pairs and those involving intramolecular
temperatures comparable to that of the Raman data was cadnteractions of atoms bonded to a common ¢he3 interac-
ried out using the DN6 thermal time-of-flight spectrometertions).
located at the Siloeeactor. An incident energy of 18.3 meV A Lippincott-Schroeder potentigl with parameters taken
was employed and the sample container was a thin aluminutfiiom Ref. 16 was used for the hydrogen bond interaction,
plate, and the data were fully corrected for container scatteand the electrostatic point-charge model used for the hy-
ing, instrumental effects as well as multiple scatteringdroxyl group in the previous wotR was also adopted
contributionst? (q=*0.3%).
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To account for the molecular flexibility two bond-torsion 1,500
and five bond-angle bendings are allowed for the second row
skeleton(see Fig. 1L The former are accounted by functions
of type Vigrs= %K¢(1+c033¢) where ¢ refers to the torsion
(dihedra) angles defined around ea€h- C bond. The bend-
ing potential isVpens= 2K 4(0— 6)?, where ¢ is the bond
angle andfy=109.47° its equilibrium value are used. The
K,.K, force constants had to be optimized to give an ad-
equate account of the experimental crystal structure, and the
optimal parameter set after minimization using the WMIN

code (Ref. 17 was K= 0.54 kJmol'! and K,= 356.9 0- JMM

kJ mol~! rad™2, the latter accounting fo€—C—C and 2,000

C—C—-0 bending terms. The energy-minimized crystal b)
structure is now in good agreement with experiment and the
optimal a, b, andc unit cell parameters differ 0.4, 1.2, and 1,500 1
0.1% from the experimental values. The maximum rigid-
body translation and rotation shifts were 0.9 A and 5.5° and 1,000
the variations of the torsion angles were 2.6° and 5° whereas
the maximum variation of the bond angles was 1.1°.
The lattice dynamicéLD) was studied following the mo- 500+
lecular Born—von Keman route, setting up the dynamical
matrix in terms of translation and rotational coordinates as 0

well as the internal normal coordinates of the isolated 1,600

i I i i
(
T 1 T
molecule!® The Z(w) crystal vibrational density of states |
(DOS) and the dispersion curves were calculated after per- 5 (c)
forming a dense sampling over all allowed excitations in the 1,200 +
Brillouin zone. According to the chosen molecular degrees of
freedom, 13 per molecule, 49 modes are expected to appear 800 4
at 6=0 in the low-frequency range, all of them Raman ac- i I
T T T T
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Ill. RESULTS AND DISCUSSION 0

A. Crystal dynamics 0 25

Some of the crystal spectra for frequencies below some ho (THz)

25 THz are shown in Fig. 2. Raman lines above this fre-

quency arise from hlgher-freque_‘ncy internal mOd_eS’ \_Nh'Ch FIG. 2. Raman intensities after correction by the Bose factor
are not analyzed here due to their somew_hat marginal iMpO§- ) for the polycrystaldown) and glass or liquid spect(ap),
tance for the present purposes. Well defined crystal excitaror a set of temperatures comprising the low-temperature crystal
tions are observed at the lowest explored temperature, SOM@d glass. The glass spectra are shifted by 600 units to enable com-
of which survive as strong peaks up to temperatures close tgarison.(a) Crystal and glass spectra f6t=8 K. (b) Spectra for the
melting. Such a result contrasts with that recently analyze®ot crystal and supercooled liquid, both B 190 K. (c) For the
regarding a van der Waals glagsrtho-terphenyl!® where  normal liquid (room temperatudeand the crystal close to melting
strong phonon lifetime effects start to be important at tem-T=295 K.
peratures as low as 12 K. In particular, it is remarkable how
low frequency modes seen at1.65 THz,~3.28 THz, and sidered as rather good, thus validating the present LD model
~4.37 THz do not show strong reductions in lifetime at tem-as an adequate tool to represent the crystal dynamics.
peratures as high as 295 K alongside that seen for other To quantify the extent of the hybridization of the lattice
modes seen as clear peaks at 8 K. and internal molecular modes the normalized mode eigen-
To enable a comparison between calculated and experitector components were calculated. These are given in terms
mental Raman frequencies, a value for the achieved instref rigid-body translations and rotatior¥, , ,,Ry , , coeffi-
mental resolution of~0.135 THz was estimated from the cients and thosé, _s, ¢, , regarding the internal coordinates
full width at half maximum(FWHM) of well resolved peaks, defined in Fig. £° Consideration of such quantities evidence
and the result is shown in Table I. There, calculated modethat even the lowest frequency mode shows noticeable cou-
separated by a frequency smaller than the experimental resplings with the internal ones, especially for the bond torsions
lution have been grouped together and assigned to a singlehich have coefficientg); = —0.328,4$,=0.315. The pres-
experimental frequency. Some of the calculated modes dence of large deformational components alongside substan-
not have an experimental counterpart, probably because ¢ifal contributions from translational motions are characteris-
their weak intensities. As can be judged from the table, thdic of the three lowest frequency modes, which show
agreement between experiment and calculation can be coneefficients corresponding to the largest rigid-body transla-
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TABLE I. Calculated and experimental Raman frequencies expressed in THz. Those modes with a hyphen
have not found a counterpart in the experimental spectra and those marked with an asterisk differ less than
the experimental resolutiof®.135 TH2 with respect to the preceding one. Subsequent modes marked with
an asterisk would correspond to a single peak in the experimental spectra and therefore only one of them is
assigned an experimental value.

Mode Symm. Calc. Obs. Mode Symm. Calc. Obs.
1 B, 1.64 1.65 26 B, 6.28* -

2 Ag 1.86 - 27 B, 6.30* 6.42
3 B, 2.15 2.04 28 = 6.82 6.66
4 Bj 2.40 2.34 29 B, 7.15 7.23
5 B, 2.43* - 30 Aq 8.47 8.10
6 Ag 2.49* - 31 Bj 8.59* -

7 B, 2.91 - 32 B, 8.60* -

8 Bs 3.22 3.27 33 B, 8.77 8.82
9 B; 3.46 - 34 B, 10.33 10.26
10 B, 3.55* - 35 Bj 10.34 -

11 Ag 3.66* - 36 Ag 10.44* 10.47
12 Aq 3.79* 3.75 37 B, 10.51* -
13 B, 3.96 3.90 38 B, 10.72 -
14 B, 4.04* - 39 Ayg 10.98 11.16
15 Bj 4.29 4.38 40 B, 11.70 11.64
16 Ag 4.50 - 41 Bj 11.85¢ -
17 B, 4.53¢ 4.74 42 B, 12.13 -
18 B, 5.13 5.16 43 Bj 12.29 -
19 Bs 5.25* - 44 Ag 12.38 -

20 Ag 5.32* - 45 B, 12.44* 12.54
21 Bj 5.61 5.55 46 B, 14.14 -
22 B, 5.62 - 47 B, 14.15 -

23 Ag 5.90 - 48 Ayq 14.26* 14.25
24 B, 5.98 - 49 B, 14.40* -

25 A 6.18 -

tional component offy=—0.770;T,=0.741T,=0.775 re- ms~ (L) are propagated in the crystal at frequencies com-
spectively. Such couplings become very strong at frequencigsarable or below 1 THz, and that purely translational mo-
as low as 2.15 THz as evidenced by a coefficient for bondions are confined to a small region of frequencies and wave
torsions ¢,=0.775 and one for translations of vectors. The lowest frequency Raman line is thus seen to sit
T,=—0.548. In short, modes with frequencies below 7.150n a dispersion region where the zone-boundary sound
THz have a marked torsionalg{) contribution, whereas branches merge with the lowest optical excitations.

bending contributions 4 are confined within 5.62 to 14.4 _ 1he frequency gap seen in the Raman spectra between

THz. Also, the strong peaks seen at 12.54 and 14.25 TH3#+2 and 17.1 THz separates the torsional and bending

arise from predominantly bending modes showing small fre—rnOdeS ffom the no_nhydrogen bond stretching modes, the lat-
r located in the high-frequency range of the measured spec-

guency dispersion which results in intense and narrow peal{%1

in the vibrational density of states. The calculatedZ(w) crystal vibrational density of states

The calculated mode frequencies for the isolated moleculﬁlhich is drawn in Fig. 3 shows an initial Debye behavior

are 13.3, 10.1, 9.62, 8.24, 6.09, 2.90, and 2.01 THz Wherg,onqing up to 0.6 THz, followed by a sequence of peaks, a
the last two modes are predominantly torsional and the reﬁap starting at 7.5 THz, and a series of strong peaks mostly
are mainly bending modes. It is worth recalling that, as illus-arising from the internal molecular modes. From the initial
trated previously for other systerfisthe absence of different o 2 behavior, a Debye frequency af,=4.91 THz is cal-
time scales for the lattice and internal modes leads to imporcy|ated which corresponds to a Debye temperature of some
tant hybridization effects which affect even these relatively23s K.
high-frequency modes, making the spectrum of internal- As shown in the inset of Fig. 3, the dynamic structure
mode excitations depart substantially from that for a freefactor evaluated from the computed distribution under
molecule, since they can hardly be separated from the lattiche  incoherent  approximation, (i.e., S,J(Q,w)
ones. «Z(w)[n(w)+1]/w) shows a strong peak centered at some
As regards the elastic properties of the material, the analyt.5 THz, the relevance of which in the context of glassy
sis of the dispersion branches corresponding to the highatynamics is discussed below, and shows a substantial spread
symmetry directions shows that sound waves with phaseén frequencies which extends down to the elastic linet
velocities of ~2.36x10° ms }(T) and ~3.70x10°>  shown in the figure
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0.5 vibrational states through a relationship such as
2 I norm= C(®)Z(w)/w, where C(w) stands for the light-to-
0.4 : e vibrations coupling, which only in the extreme cases of com-
v: 0.3 °§ plete randomness of the atomic couplirigsthe atomic am-
E T T plitudes can be considered as frequency independent.
= 0.2- Therefore, the origin of the low-frequency peak observed
g experimentally could be ascribed to peaks in @) light-
N 0.1 to-vibrations coupling, to peaks in tH& w)/w? function if
0.0 : Ay C(w) were independent of the frequency, or in btfth.
0 5 10 15 Our aim here is to verify whether the frequency depen-
® (THz) dence ofC(w) is a material properfy?°and therefore basi-

cally independent of temperature, or shows a significant
FIG. 3. Vibrational density of state&(w) as calculated for the variation with it. For such a purpose comparisons of [INS
crystal using the procedures described in previous sections. Thgnd Raman data for temperatures of 14 and 60 K are pro-
inset shows the crystal dynamic structure factor as calculated fronyiged in Fig. 4. There, the approximations ¥§w) calcu-
the frequency distribution under the incoherent approxima$e®  |gted assuming linear and quadratic frequency dependences
texd). for C(w) are shown together with the neutron spectra for the
glass, the crystal Raman spectra, and that calculated from the
B. Glass frequency distributions LD frequency distribution. As can be seen, the Raman inten-

A comparison between crystal and glass spectra shown HU€S ! nom(®) s?ggv, in the regior21 7t;elow 1 THz frequency
Fig. 2 reveals thata) drastic changes occur at lofelow ~ dependences »™=>(14 K) and= "’ (60 K), implying that

some 6 THz or spfrequencies, the sharp lines arising from the coupling function should depend enwith an exponent

Raman active modes witﬁr:O being replaced by a continu- glose ;0 un|t¥ at 14 K and .Of||1'77 at 69 K. A qhanratlc

ous distribution of intensities, antb) substantial changes ependence 0€(w) substantially underestimates t e_mtgn-
! =

above 10 THz are observed as a consequence of vitrificatioﬁ%’h:r?rtﬁe/rg I)':Zl' SSTVI—\:i ailtelags_l_ﬁ)zsfoT; O\g%re;témf:mn

which translate into noticeable changes in frequencies 9 ' w= = or the ata,

widths, and intensities of the strong crystal peaks seen gyhereas it underestimates the intensity below 1 THz and

L bove 2 THz for the spectrum at 14 K.
12.5 THz, 14.26 THz, and 17.17 THz. This is mosly causeoi Such a disagreement arises from the rather different be-

by the presence in the glassy state of molecular isomers %avior with temperature of the Raman and neutron data as

different skeletal conformation, as can be shown by ConSIdléhown in Figs. ) and 4c). Contrary to assertions made in

Ref. 8, relatively large frequency shifts are observed in both

Raman and neutron data at temperatures well bdlgwAs

can be seen from the graphs, the strong shifts seen in the
neutron distributions in passing from loi@4 K) to moderate

(40 K) temperatures are not followed to the same extent by
the Raman functions. The implications of such a finding can

) be better expressed if for a given set of temperatures the
Low-frequency scattering C(w) coupling function is estimated from the Raman inten-

The feature located at 1.2—1.6 THz in the glass spectra sities and the neutrod(w) as
shown in Fig. 2 is commonly referred to as the “Boson
peak.” Its microscopic origin has recently been the focus of a C(w)=lphom(Q,w) 0w/ Z( w), (N)
number of research effort$?~2°and its absence in the crys-
tal Raman spectra is mostly due to crystal selection rulesa result which is shown in Fig. 5. Such a strong dependence
since the generalized dynamic structure factor for a powdeof the coupling function upon temperature can be explained
calculated under the incoherent approximation commentetfom consideration of the relatively large frequency shifts
on in previous sections shows that a peak appears in thderived from the neutron data and shown in Figb)5n
polycrystal spectrum at some 1.5 Tkkee Fig. 3. terms of the temperature dependence of the parameters char-

As is now well establishetf, the low-frequency Raman acterizing theZ(w) distributions?’ The origin of such shifts
spectrum of an isotropic body such as a glass consists of twoan be explained in part by the noticeable multiphonon con-
contributions which are a broad quasielastic line and the lowtribution which becomes more pronounced as the tempera-
frequency tail of the first-order vibrational spectrum. Theture is raised. To see this, a multiphonon expan$tarsing
former contribution is usually confined to frequencies fardata at the lowest temperatu{® K) as a representation of
smaller than those reachable by the present experimentie one-phonon term was employed. Although such a simple
whereas the latter arises from the breakdown of the crystapproximation can only semiquantitatively account for the
selection rules caused by the randomness in the couplingariations in the shape of the measu#d), it reproduces
between electric polarization and atomic displacements, athe observed trends shift towards higher frequency of the
well as from the fundamental fact that only modes withmaxima and noticeable broadening of the distributions as the
wavelengths larger than some “correlation length” can betemperature is raisedOn the contrary, the same approxima-
rightly represented as plane waves. In consequence, the ndien fails when applied to the Raman spectra since it predicts
malized Raman intensitly,,..{ ) is related to the density of trends at odds with what is observed. Such a result seems to

different atomic configurations. In fact, an estimation of the
spread in frequencies arising from variations in tie,
angles yielded values for every mode distributed within
some ~1.8 THz, a result comparable with the observed
shifts.
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FIG. 4. A comparison between the frequency distributions derived from neutron scattering for theoglassircles with a dot those
from Raman data assuming a quadratic dependenc€(fay (vertical bar$, a linear dependencdeolid line), and the crystal spectrum
(dotted ling. (a) Spectra forT=14 K. The dotted line shows the crystal spectra as given by the low-frequency region of the distribution
calculated by lattice dynamicéh) spectra foiT =60 K. The dotted line shows the crystal spectrum for the same temper@ucemparison
between estimates for th& ) frequency distributions derived from Raman spectra assuming a quadratic coupling. The spectra has been
scaled to a common value at 1.2 THz to facilitate the comparison of line shapes. The solid line shows the résuliOftl; lozenges for
T=60 K, filled circles forT=120 K, and vertical bars foF =175 K. (d) A comparison of the temperature dependence of the low-frequency
distributions as derived from INS. Solid line stands for data takéfat4 K, lozenges foil =40 K, dotted line forT=60 K, vertical bars
for T=100 K, and circles with a dot fof =175 K. The curves have been scaled to unit area to facilitate comparison.

underline the rather different material properties sampled by x2 Jd Inw

both techniques. It seems worth noticing here that the neu- Cp(T):lsto doZ(w,T) SInF(x) =T
tron spectra are related to time-dependent two-point correla- P
tion functions as well as to higher-orders correlations,
v_vhgreas f_or frequenmes be'OV.V thosg of t_he lowest lying OPiyith x=hwl/2kgT, temperature-dependent densities of states
ticlike excitations, the Raman intensity arises from the spec-

: ; o ) : Z(w,T), and a term giving the variation with temperature of
trum of bi- and higher order excitations involving three and he phonon fr ncies. Sin h contributions are known
four-particle correlations. Under such circumstances it is nofn€ phonon frequencies. Since such co utions are Kno

o be important only at relatively high temperatures, taking a

surprising to find a discrepancy in the temperature depem_ h imi - stifiddand this ai
dence of both spectra like the one here reported. igh-temperature limit seems justiiiedand this gives a cor-
rection of the harmonic result as

2

C. Thermodynamics

The thermodynamic functions for the crystal are evalu- ACE—CU(T)( 3)
ated from theZ(w) derived from calculational means, and a
comparison between tk@tD constant volume heat capacity

and that measure@t constant pressu@,) (Ref. 29 is pro- ) _ o o e
vided in Fig. a). It shows that the present harmonic LD Where the isobaric derivatives ofinw)=/odwl;om @)

model can reasonably describe the thermodynamics of thwere estimated by integration of the crystal Raman spectra
crystal up to at leasT=150 K. An estimate of the impor- Iform- Such a correction becomes specially relevant above
tance of the anharmonic contributions@g is given by the =~ some 200 K as shown in Fig(# and accounts for about
difference C,—C5P, which includes contributions arising one-third of the difference betwed®y(T) and its harmonic
from phonon lifetime effects as well as those associated witlvalue at temperatures close to melting. The small but system-
volume expansion. Below 150 K the anharmonic contribu-atic underestimation o€ ,(T) should mostly arise from ther-
tions to C, never exceed some 4 J mdl K ~%, which at mal expansion effects which contribute with a tefiyge,
T=100 K represents some six percent of the total heat cawhere yg is the Grineisen constant and the linear expan-
pacity. Far more substantial deviations from harmonic behavsion coefficient, which have not been evaluated due to the
ior start to be noticeable above 160 K and become moréack of thermal expansion data.
pronounced above 250 K. As far as the glass is concerned, including the point cor-
The anharmonic contributions can be estimated from th@&esponding to the supercooled liquid, the heat capacity was
procedure suggested by Hui and Afffwhich gives the con-  evaluated following Eq(2), using the frequency distribution
stant pressure heat capacity, up to a first ordéf, as derived from the Raman spectra. To proceed, recourse to a

a(lnw>> |

d InT
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extremely good agreement for temperatures above 100 K,
whereas the neutron data below such temperature are some-
what below the present ones for both glass and crystal. Since
the present LD model adequately reproduces both the crystal
structure and thermodynamics within such range of tempera-
tures, it seems clear that the previous neutron data somewhat

(W) Z(w)

norm

= underestimate the value of the atomic displacement below
100 K.
IV. CONCLUSIONS
2.2 The present study provides a microscopic model which
2.0 o can be used to explore the most relevant details concerning
. (b) : ; .
18- ’ the structure and dynamics of the disordered phases of solid
§ 1.6 o 7 glycerol at least on a semiquantitative basis.
& 1.4 PO From results given above, it should become clear that the
~ 1.2 o o~ understanding of the thermodynamics of glass and crystal as
G 10l & well as other properties defined as integrals over the fre-
0.8 W quency distribution at temperatures closeTtprequires the
0.6

0 50 100 150 200 250

160
T &) ~ 140 I
'g 120
FIG. 5. (a) Estimates from the light-to-vibrations coupling func- ~ 100
tion C(w) as derived from Eq(1) using the normalized Raman i g0
intensities and th&(w) from IINS as input. The lines shown cor- 2 60 -
respond to approximations to data in terms of smoothing splines, £ 40
and correspond to temperatures of 10sdlid and filled dots 60 K Q20
(dashepy 120 K (dotg, and 170 K(dash-dots and crosgesThe 0
original (unsmoothegfdata are shown for 10 K and 170 K on{}) 250

Temperature dependence of the parameters characterizing the neu-
tron Z(w) distributions .} (circles with a doxshows the centroid of
the log-normal distribution anfl its width (Ref. 27.

o

>

=]
L

scaling constant is needed to relate the frequency integrals
over the distributions to thermodynamic propertifeSuch a

C(T) J K mol'))
= o
e <

. ; 50
scale factor was found by comparison of the harmonic heat
capacity evaluated from the Raman spectra corresponding to 0o
90 K with the value of the experiment@l, for such a tem- 0.30
perature(the lowest for which thermal and Raman data are 0.254 (c) o
compatible, yielding a value of 5.8. Notice that such scaling ~0.20
is then used to find estimates of the thermodynamic functions °g
for a temperature range between 8 and 190 K. The result of M 0.154 !
such an exercise compares well with the experimental data, 70.10- |
including the point within the supercooled liquid state, as can 0.05 4 | d °
be seen from Fig. ®). Although such a result may appear 0.00 W
surprising if account is made of the complicated behavior of 70 50 100 150 200 250 300
C(w) commented above, it is a rather direct consequence of TK)

the substantial contribution of the high-frequency spectrum
arising from internal or mixed molecular modes to any prop-

erty defined in terms on integrals over the frequency distri- FIG'.6' (&) A comparison between the experimental heat capac-
bution. ity (vertical bars from Ref. 29 and lozenges from Ref.tRe cal-

- . . lated function in the h i imati hed li d
Finally, Fig. 6c) compares the averag(su2> atomic culated function in the harmonic approximati¢dfeshed ling an

. that including the anharmonic contribution given by E2). (solid
mean-square displacementsi.s.d) as calculated for the line). (b) Experimental heat capacity data for the glass and liquid

glass and crystal from the relevant freq.uency distribution§vertica| bars from Ref. 29 and lozenges from Ref.ahd that

and data taken from a neutron scattering Sﬁ}d&'s €X- calculated from the approximations I§w) as calculated from the
pected, the glass data lay above the harmonic curve W'th'Raman frequency distributiongircles with a dot (c) Average

the whole range of temperatures, and the marked change Hiomic mean square displacements as calculated for glass and liquid
slope about 180 K unveils the presence of the glass transitiogamples by integration of the Raman frequency distributiopen

at T,~185 K. A comparison between the previous estimatesircles with a do, those for the harmonic crystéolid line), and

for (u2> from neutron scattering and the present set shows athose taken from Fig.(®) of Ref. 32(see text (vertical bars.
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explicit consideration of at least the lowest seven molecular Finally, a word of caution against oversimple comparisons
degrees of freedom. Any rigid-molecule model could onlyseems in order in the light of the present data and those
describe the dynamics of both phases below some 70 K. regarding a van der Waals glass previously consid&téual.

The present results help to explain the origin of the subhoth cases strong hybridization effects between internal and
stantial deviations from simple-liquid behavior recently external modes were noted and, as a matter of fact, substan-
found for frequencies above some 0.3 THz in studies carriega| couplings down to 0.65 THz were found for O¥PA
at temperatures close but abolg,* since the strong cou- Boson peak is also present in the latter material at some 0.4
plings between density fluctuations and internal molecularyz 22 4t 5 lower frequency than in glycerol. In consequence
large-amplitude motions extend to rather small frequenciesne |esser strength in OTP of the microscopic dynamics can-

In fact, the onset of microscopic behavior found in the crys-not be the only reason explaining the better agreement with
tal Z(w) for frequencies above 0.6 THz sets an absolute limityCT predictions.

for the applicability of the MCT predictiofsregarding the
w?® power law for the susceptibility.

On the other hand, even if our data only regard the glass
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