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Structural correlations in disordered matter:
An experimental separation of orientational and positional contributions

F. J. Bermejo, A. Criado, R. Fayos, and R. Fewhez-Perea
Consejo Superior de Investigaciones Ciéiodéis, Serrano 123, Madrid E-28006, Spain

H. E. Fischer and E. Suard
Institut Laue Langevin, Bte Postal 156x, F-38042 Grenoble Cedex 9, France

A. Guelylah and J. Ztiga
Departamento de Bica de la Materia Condensada, Universidad del Pais Vasco, Facultad de Ciencias, E-48960 Bilbao, Spain
(Received 27 February 1997; revised manuscript received 20 May) 1997

The structures of the liquid, glagise., amorphous rotator-phas€RP) crystal, orientational glag®©G), and
the stable(monoclinig crystal phases of ethanol are investigated by means of neutron and x-ray diffraction.
The RP crystal and OG phases show an intermediate kind of disorder between that of the fully disordered glass
and liquid phases and that of the stable crystal. The Bragg pattern of the RP and OG crystals provides
information about the time-averaged distribution of single-molecule orientations, and a contribution compris-
ing intermolecular correlations is isolated from the diffuse intensity. Finally, the>-RB rotational freezing
transition is analyzed in detail and shown to constitute a physical realization of the glass transition found in
hard-needle model$§S0163-18207)05441-9

[. INTRODUCTION K). Alternatively, the stable, monoclinic orientationally or-
dered phase is easily prepared by annealing the liquid within

The purpose of the present work is to provide quantitativeahe 120-158 K range.
details on the static correlations of ethyl alcohol, a material Our interest here is also motivated by the possibility of
which can be prepared under the very same thermodynamuguantifying the extents of orientational and positional regu-
conditions in phases showing topologi¢htjuid and amor- larities, something which may have consequences relevant to
phous or purely orientational disordefrotator phase and ordering in glasses at intermediate rang&0) (e.g., above
orientational glass' > The relevance of such a study that characterized by direct bondindn fact, as shown in a
stems from the fact that knowledge of the structural arrangepreliminary communicatiofi, knowledge of the ordering
ments in phases showing such rather different types ofharacteristics in the RP and OG phases provides valuable
disorder may be of help to understand the role played bykeys for the understanding of that present in the glass and
orientational and positional correlations, at temperaturetiquid phases, a topic discussead extensofor several
where structurally arrested phas@gass and orientational decadesnow. Moreover, the similarities between disordered
glassg exist as well as those about the liguigllass and crystal and amorphous phases are not confined to structural
rotator—orientational-glass transitions. Consequently, studaspects since striking similarities between some behaviors of
ies on this material can help to bridge the gap between thoghe RP and OG phases and those of the topologically disor-
carried out for fully disordered phasésonventional glasses dered solid are also evident in some macroscopic properties
and liquids in either normal or supercooled stagsd those  such as the specific heat and thermal conductivity.
regarding orientationally disordered crystals. It can therefore Among the previous results on the structure of the differ-
be expected that such studies may shed some light on thent solid phases, the paper 6hdsofi on the structure of the
distinctive roles played by the loss of orientational and posi-stable(monoclinig crystal as studied by x-ray diffraction of
tional correlations as relevant sources of disorder needed &ingle crystals constitutes the most solid piece of experimen-
account for the most characteristic properties of the amortal work. Some investigations regarding the microscopic
phous state. structure of the liquid have also appeafeaithough the ob-

As known since nearly two decades &gethanol exhibits  tained results concerning the short-range intermolecular or-
an interesting polymorphism leading to phases which can bdering are somewhat dependent on the way the single-
produced depending upon temperature and cooling rates. Tmeolecule contributionf,(Q) is subtracted from the total
liquid after supercooling forms a topologically disordered S(Q) structure factor, a step which needs to be taken since
solid (glasg if the temperature is decreased below aboutthe characteristic distances of closest approach between near-
T4=97 K or ends in a “glassy crystal” phase if it is left to est neighbors turn out to be shorter than some of those sepa-
anneal at temperatures 92K =115 K. Such a crystalline rating nuclei belonging to the same molecule. The structure
phasé then undergoes an additional “glass transition” alsoof the RP and OG phases was recently established as corre-
at ~97 K, below which an “orientational-glass” phase ap- sponding to bcc latticéson the basis of x-rdyand neutrofy
pears which shows no further transformation upon subsemeasurements. Only two reflections located at 1.65 A
quent cooling down to the lowest explored temperattes  (very intensg and 2.33 A1 (weak were visible as very
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56 STRUCTURAL CORRELATIONS IN DISORDERE.. .. 11537
sharp Bragg peaks in the x-ray measurenfentsereas up to  with the intensity scattered by a vanadium bar. The normal-
six reflections could be disentangled from the strong diffusézed cross sections for the liquid, glass and disordered crystal
scattering in the neutron experimefitdbove ~97 K the  phases, all show a droop at large momentum ransfers
crystal belongs to the “plastic” or rotator-phasRP) com-  (Q=6 A1) indicating a departure from the static approxi-
pounds, as evidenced by a strong, broad quasielastic sign@ation (inelasticity effects The fact that such a decrease is
appearing in the inelastic neutron-scattering spéciféith  found even at low temperaturéS K) suggests that recoil
two molecules per unit cell and a Iqttice constant of 5.3 Arprocesses involving molecular segments only are excited by
the RP phase §l;ows a macroscopic mass density of abogfe neutron beanwhole molecule recoil seems difficult to
pm=958.2 Kg m* (depending on temperatyrdar closer to  gonyisage in a solid at such low temperatiir&uch effects
that of the glass or supercooled liquid than to the stablgeeq 1 pe taken into account in order to remove the “self-

— -3 i i
crystal (pp,=1025Kgm* at 87 K. A calorimetric contribution” to the cross sectiotthat not leading to inter-

tr.an.smor? separates the RP fm”."' a phase with a r.emarkabl¥erence effects which contains incoherent and coherent com-
similar structuré where the rotational background is absent, . . .
Pgnent$ previous to transformation into real space

at least on a meV scale, and therefore seems to represen o
frozen, or orientational-glas©G) state guantities. To proceed, we have followed the procedure often
’ : employed for the analysis of molecular materft$which

Clarifying the nature of the RROG freezing transition is . | ic Tit of | Al f
also one of the objectives of the present communication. ThEVOIVes a parametric fit of a polynomial in even powers o

available data (mainly from differential scanning Q to the .IargeQ pqrtion of the structure factor. As an ex-
calorimetry? broad band NMF, Raman and x-ray ample, thls.corre.ctlon. for the low-temperature, normal liquid
diffraction’) do not show any stark difference in any property data described in this work can be accounted by a form
examined at both sides of the transition, account made dP(Q)=1—1.64x10 °Q*+1.07x10 °Q*, so that the re-
thermal effects. From such a basis, the transition is known tgulting estimate for the self-contribution will be given by
take place within a range of temperatures 90-98 K, remark(6o D J4m+6b3 +2bZ+b2) X P(Q), where oy, stands for
ably close to that where thg, signalling the liquid-glass the nuclear incoherent cross section of Bxe@toms and the
transition occurs. To shed more light on this point, we reporty, for the coherent scattering lengths of fitke element.

here a structural Study of the dependence of the lattice pa- All the phases were produc@dsitu using a standard ILL
rameters through the RPOG transition region which, to- orange cryostat. Preparation of the amorphous phase was ac-
gether with new specific heat datwill serve to delineate complished by simply plunging the cryosticsupporting the

more accurately the characteristics of this transition. sample containgrinto the already-cold cryostat and then
cooling the sample as quickly as possible, by which we

Il. EXPERIMENTAL AND DATA ANALYSIS achieved a cooling rate of 6 to 10 K/min. The plastic crystal
PROCEDURES or rotator-phaséRP) was then produced by annealing the

glass or more precisely the supercooled liquid at about 108 K
(Tg=97 K), which was then cooled below 97 K to produce
The neutron-diffraction results reported here correspondhe orientational glas€OG). Formation of the brittlgstable,
to measurements carried out on the D4B two-axis diffractommonoclinig crystal phase followed the melting of the RP
meter which was operated using two different incident wave<crystal at T~140 K (where Tﬁf’% 127 K), and the stable
lengths A, of 0.705 and 0.499 A and on the D2B high- crystal was finally melted to produce the liquid at even
resolution multidetector diffractometer witty=2.398 A, at  higher temperatureT(,~ 159 K).
the Institut Laue Langevin, Grenoble. The different sets of The growth of rotator-phase crystals out of the super-
measurements were needed to cover a large extent of moeoled liquid was monitored following the appearance of a
mentum transfers, thus providing an acceptable resolution isharp Bragg reflection &~ 1.675 A~ which basically co-
the real-space quantities such as the static pair correlatiancides with the maximum o8(Q) for the supercooled lig-
functions. The maximum momenta transferred were 17, 24iid, which is a region of momentum-transfers free of reflec-
(D4B), and 5 A"! (D2B), respectively. The measurement on tions from the stablémonoclinio crystal?
D2B was specially designed to improve the angular The x-ray measurements were carried out using a Stoe
resolutiort’ in order to make the phases showing Bragg compowder diffractometer equipped with a continuous-flow ni-
ponents amenable to Rietveld analysis. trogen cryostat, and the sample was held in a thin-walled
On both instruments, the sample was held within a thin-glass capillary attached to a goniometer head which was kept
walled vanadium container of 5 mm internal diameter androtating around its vertical axis. The purpose of such mea-
consisted of 99.8% deuterium-enriched anhydrous ethyl alsurements was to explore in detail the changes in the lattice
cohol. Preliminary measurements on D4B which served tgarameters across the RIG transitior As shown in Ref.
design the whole experimental procedure were also success-the x-ray diffraction patterns of the disordered crystal
fully completed employing a fully hydrogenous sample. Inphases exhibit only two reflections which index(440 and
fact, in spite of the strong incoherent background, monitor{200 of a bcc lattice, whereas the neutron patterns show at
ing of the formation of the rotator-phase crystal could beleast five clear Bragg peaksvhich index as(110), (200),
conveniently followed even if the signal to background ratio(211), (220, (310), and a rather weak sixt(222) reflection
was modest. The results were processed in the usual way amdich reveals itself only after a profile analysis. The posi-
included corrections for container scattering, self-tions of the first two peaks as well as their relative intensities
attenuation, and multiple scattering, achieving an absolutare very similar in the neutron and x-ray data, which can be
normalization of the cross section by means of comparisotaken as evidence of the large amount of orientatigruh-

A. Experiments
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tional) disorder present in these two phases, otherwise favectors specifying the relative position of nuclei belonging to
larger differences would be expected between the neutrodifferent molecules which now become explicitly angle de-
and x-ray spectra. pendent.
A direct evaluation of the terms entering E@.) thus
B. Structure factors seems quite a formidable task because of the limited amount
i ) i L i . of information present in the measur&(iQ) as well as the
The single-differential radiation scattering cross section o of separatingl(Q) from S5(Q). Our approach in-

for a macroscopically isotropic system can be considered a3 ead proceeds in a stepwise manner, separating first the

a sum of intensities arising from different sources which con- ) .
tribute to the observed diffraction pattern with either sharpBragg profile from the totaS(Q) by means of Rietveld

o ) X analysis. The analysis @g,4f Q) then proceeds along es-
(Bragg peaks arising from p'a'rtlcle_s oceupying, on average, . ished routds® and provides information about the un-
well-defined equilibrium positions in a regular latti¢eé it

exist9, a diffuse halo generated by disorder of dynamicderlylng crystal lattice. The  differenc&(Q) — Serag Q)

(thermal motion, and/or static nature in cases where Iong—glves

range regularities are absent, or a combination of both. The -~

latter applies to systems where the presence of an underlying f1(Q)+ f2(Q)exp —2W) + Sy (Q) @
crystal lattice is concomitant with strong orientation disorderfrom where subtraction of & (Q) form factor will provide

of either quenchecéstatic disorder of molecular orientations the functionS§(Q) plus a termf,(Q)exp(—2W) which as

or dynamic(molecules sitting at the lattice nodes executingshown by Gerlach and Prafdiwill contain contributions
large amplitude rotationsorigin. The S(Q) static structure  arising from the uncorrelated vibratioftsanslational of the
factors[obtained after correction of effects discussed in theaverage molecule. Because of the Debye-Waller factor which
previous section by normalizing the cross section bygives mean-square amplitudes of about 0.27 e latter
Nm(Zibj)?, whereb; stand for the nuclear coherent scatter-function will decay quite fast having attained rather small
ing lengthg are thus represented up to a reasonably googajues above)=4—5A 1.

level of accuracy by a sum of plari@ragg and spherical- As explained in detail in Ref. 16, because of cancellation
wave (diffuse) components?*° effects it is expected tha,(Q) will oscillate about zero
" and decay quicklybelow 5 A1 or so, but still giving rise
S(Q):SBragg(Q)+Sdiff(Q)+S§iﬁ(Q)' D o relatively well defined features in real space.
The Sga4f Q) contains information about the time-averaged _ _
crystal structureS(Q) does it for the deviation from such C. Static correlations
average structure, and is split inB(Q) giving the total The expressions written above for the total structure fac-

diffuse intensity in the limit of no correlations between thetors can also be described in terms of reduced intensity
constituent particles plus a modulati&j(Q) comprising  functions! where contributions arising from incoherent and
all those effects arising from the intermolecular interactionscoherent contributions not giving rise to interference effects

The former quantity can be identified with are subtracted from the total cross section
irf(Q) = T1(Q) — Fo(Q)exp( —2W). 2 _ e 9 do)
QIQ)=Q[S(Q)— )]_W (d_Q o ©)

Here, f1(Q) is easily identified with the usual molecular-

form factor used in diffraction studies of 'Ejr“ids and is de- gjmijlar equations can be written for the three different terms
fined in terms of intramolecular parametersso that the i, £q. (1) all of them having a correlate in real space since

explicit form for f,(Q) is given by a sum ofo()'s weighted e Fourier sine transforms of such functions will give quan-
by the relevant concentration and scattering-length coeffisities such as

cients as well as by the appropriate intramolecular Debye-
Waller terms defined in terms of tl*(e|i2j> mean square am- D(r)=4mpr[g(r)—1]
plitudes of thermal vibrations projected onto the vector
joining nucleil andm, that is

2 imb1bmj o Qrim) €XP( = (U) Q%/2) _ _
f1(Q)= (3,b))2 . ©) wherep stands for the atomir moleculay number density

andg(r)==,5C,Csb,bg0,4(r) is the total radial distribu-
Explicit formulas for thef,(Q) factor which involves corre- tion function comprised of partial correlatiorg,z(r) be-
lations between different molecules can only be given intween atomsa— 3 with relative concentrationg, s and
closed form for rather simple cases, such those where macattering lengthb,, 5, andM(Q) = jo(Q7/Qnay is a filter
lecular orientations are assumed to be either totally uncorrgunction employed to reduce the truncation errorQaay,
lated or with very strong correlations. In the former case thehat is the maximum momentum transfer allowed by the neu-
total diffuse intensity would be calculable from knowledge tron kinematics. The sine-Fourier transform is then carried
of f1(Q) and the structure factor for the molecular centers ofby Filon quadrature. Because of the oscillatory structure in
mass-* whereas for the more likely case of orientations be-the totall (Q), some truncation error is inevitably expected
ing correlated although statistically independent of their relato show up as spurious oscillations in the transforrbéd)
tive separation, such a term would involve averages ovefunction. This being particularly noticeable for the tdbx(r)

2 Qmax
=— f dQ QI(Q)siNQNM(Q), (6)
0
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FIG. 1. The spectra of the monoclinic crystapper trace, ver- FIG. 2. A comparison of the totdD(r) static correlation func-

tically displaced and plastic crysta{lower tracé measured under tions corresponding to data measured on the D4B diffractometer
high angular resolution conditions on D2B. The inset shows thelsing a wavelength of 0.5 A. Units are atoms per“ACurves a—d
x-ray pattern for the OG phase measured at 90 K. are upshifted by ten units.

which shows some oscillations at 0.5 A or so, is substantiallfhose shown in Fig. 2 of Ref. 4 which were measured using
reduced in the intermoleculd,(r) pair correlation func- & longer wavelengtk0.7 '&}) and therefore could have been
tion since subtraction of the molecular form-factor makes thexffécted by larger truncation errors.
integrand to die away at relatively 10@’s as shown below. In order to isolate the contributiorf,(Q)exp(—2W)
A comparison between the structure in real space of the totat Sgir(Q) which accounts for the molecular correlations, the
D(r) and Diy(r) thus serves to ascertain the physical single-moleculef;(Q) form factor was subtracted from the
soundness of the main features. Finally, in order to check theeasured interference functions. This was done following a
correcteness of the normalization procedures the structuferocedure usually employed for the analysis of the structure
belov 2 A was compared with the “density line” that is factor of molecular materiafs, by means of a fit of a para-
— 4mpr. metric form forf,(Q) to the largeQ part[above 6 A1 of
S(Q) (or I(Q)].
The main thrust behind such effort was to explore the
possibility of detecting some significant difference between
A comparison between the tot@ll(Q) functions for the the molecular structures in glager liquid) and crystal
stable crystal, glass, liquid, and the orientationally disordere@hases involving distances abowe2.5-4 A. Although, as
crystal phases as measured on the D4B diffractometer usifgferred above, large changes in bond-lengths and bond
a wavelength of~0.7 A was shown in Fig. 1 of Ref. 4. angles cannot sensibly be expected, the distribution of inter-
There it was shown that the most marked differences behal molecular configurations, that is those defined by the
tween glass and liquid spectra concern the position of th&-C-O-D dihedral angle, surely departs form the 50-50
first peakQ,, ascribable to a thermal expansion effect, leadfraction of “trans” (C-C-O-D~180°) and “gauche”
ing to an expansion coefficient for the glass of (C-C-O-D~60°) found in the crystal. This is a conse-
~2.2x10"* K%, comparable with those characteristic of quence of the relatively small difference in potential energy
known molecular glassés. between the two configurations, which becomes comparable
Results measured under higher angular resolution with th@ith that arising from the field produced by neighboring par-
D2B diffractometer for the monoclinic and RP crystals areticles.
now shown in Fig. 1. As can be seen, the rotdgond orien- A comparison between experiment and model fits is
tational glass phases(a) show up to six Bragg peakéhe shown in Fig. 3. A glance to the amount of information
higherQ reflection is barely distinguishable from the diffuse €nclosed in the phase shifts present in @&Q) of Fig. 3
backgroundl and (b) that the peak width still is limited by above~6 A~*, where the assumption that most of the scat-
resolution effects as a comparison with the x-ray patterrtering arises from within the molecular units holds, soon re-
given as inset exemplifies. veals that the number of; and(uﬁ-) parameters to be de-
The D(r) functions for the different condensed phases oftermined from the experimental intensities becomes too
this material are shown in Fig. 2. Inspection of such graphdarge. To alleviate this, we have set to the equilibrium crystal
shows that the functions for the glass, liquid and crystals argalues the intramolecular bond lengths and angles as well as
basically superimposable up to distances~of.6 A. This those regarding th8 thermal parametetaipon scaling for
implies that, as can reasonably be expected, the characterisass and temperature differences. We have employed a
tics of short-range order in glass and crystal are very closegommon value for th€-D bond length which was taken as
or in other words, that crystal field effects are weak enouglan average over the crystal values, and the local symmetries
so that parameters regarding such distances should be tramg-the CD3; and CD, groups were assumed to belong to
ferable to the glass. On the other hand, the extent of theither C;, or C,, point groups. The values for the bond
oscillations in real space for glass and liquid as compare@nglesC-C-O andC-O-D where set to those given for the
with the disordered crystals become quite comparable towo crystal conformer8 The main geometric parameter to be

lll. RESULTS
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be reconciled. Therefore, only data regarding thermal expan-
sion effects have been derived for this phase. The structure at
both low and high temperatures conforms to a monoclinic
Pc space group with four molecules per unit cell with pa-
rameters a=5.281 A, b=6.755A, ¢c=8.180A and
B=102.06° atT=10 K which gives a volume of 285.4%
whereas the results for 140 K aae=-5.322 A, b=6.911 A,
c=8.245 A, B=101.04°,v=303.2 A3. This shows a volu-
mic contraction of 6.2% upon decreasing the temperature by
130 K, that is from about 19 K below melting. The results
for 105 K on D2B are a=5.350 A, b=6.859 A,
c=8.232 A, B=101.42° which give a volume of 296.13A
AT (PPN SPUTUTUT Btk PR B and therefore represent a contraction of about 2.4%. This
0 5 10 15 20 provides an indication of the strong anharmonic regime gov-
Q (f&'l) erning the molecular interactions even in the crystalline
“‘ground state” at temperatures where both the supercooled-

. ) o liquid to glass and the RROG transitions take place.
FIG. 3. An illustrative example of the approximation of the

largeQ region of theQI(Q) interference functions of the disor-

dered solids and liquid by th@f,(Q) molecular form-factorsfull A. Orientational distributions and molecular correlations

lines. The open symbols in the RP data correspond to the best in the rotator and orientational-glass phases

estimate obtained using a single moleculatrans’ ) species only, . ) ) . )

and optimizing the rest of parameters in the same way as above. High-resolution measurements for the orientationally dis-
ordered crystals were carried on D2B for a set of tempera-

optimized was therefore the@ which is the fraction of tures of 95, 100, 105, and 110 K to provide information more
“trans’ / “gauche configurations alongside with varia- detailed than that already available 8,,{Q), which was
tions of <u ) for atomic contacts corresponding to atomsostensibly resolution limited. This was needed for establish-
separated by more than one bond. ing with greater detail the time-averaged distribution of mo-
The resulting fits ofQI(Q) for all disordered phases lecular orientations as well as to put some bounds to the
shown in Fig. 3. The example given for the RP phase revealguantity Sg, comprising correlations between different
that the experimental patterns are far better reproduced amiolecules.
suming the presence of two kinds of molecular conformers, From the measured Bragg patterns values for the lattice
specially at largeQ’s where the mismatch between experi- parameter for the bcc structure are derffednd go from
ment and model becomes specially sevéeeminimum at  5.333 A at the lower temperature to 5.354 A at the highest.
about 16.5 A'Y). This confirms the presence within all the This gives an expansion coefficient of about2 8 4 K1,
disordered phases of more than one molecular configuratiomvhich is remarkably close to that of the glass. It also seems
displaying a higher fraction of the “gauche” one, even if the worth remarking the close similarity of the structure factors
proportion cannot be given accurately. This agrees with reat both sides of the rotational freezing transition, where most
sults of Kakat® from microwave measurements, which differences are found in the contribution of diffuse origin
shows a low “gauchdrans’ energy difference about 5.1 leaving the pattern of Bragg reflections barely affected. This
meV. At low temperatures we can expect that moleculess easily understandable if results reported in Ref. 3 regard-
choose a more compact conformation such as the “gauchelhg the dynamic structure factors of both RP and OG are
one. The fraction of the tfans’ configuration was found to taken into account. There, it is seen that the main difference
be 0.2%12), 0.2623), and 0.2419) for the RP liquid and in the dynamic response of both phases concerns the pres-
glass, respectively. This contrasts with previous neutron andnce in the rotator phase of a broad, wave-vector indepen-
x-ray diffraction studies within the normal liquidwhere the  dent, quasielastic component arising from molecular rota-
presence of only one configuration was postulated, a resutions, which will only contribute to the diffuse intensity.
which can also be understood by examination of data shown To proceed, the pattern of Bragg reflections is first iso-
in Fig. 3, because of the more smeared out structure of thiated from the total profile by means of Rietv€ldnalysis
liquid QI1(Q). and subsequently, the Bragg pattern is analyzed in terms of
The patterns for the orientationally ordered crystal newlyseveral single-molecule models. Such level of description is
measured on the D2B were analyzed by means of a Rietveldstified by the rather different site and molecular symme-
profile refinement’ The geometry and thermal parameterstries which force the molecule to adopt a number of equilib-
given by Jmssofi were used, with the only exception of the rium orientations in order to satisfy the site symmetry, and
thermal vibration amplitudes entering the Debye-Wallersuch orientations are attained in the rotator phase by means
terms which were rescaled to the temperature under consi@®f motions around an average orientation. For the RP this
eration (105 K) as well as by the isotopic mass difference approach will provide an approximation of the motion of a
between deuterated and hydrogenated samples. The meaaelecule in its surroundings, whereas for the OG it will give
sured profile could be reproduced quite satisfactorily, alinformation about the extent of the quenched orientational
though some differences in the peak amplitudes of largedisorder within the bcc lattice. In both cases, one molecule
angle reflections between the model and experimentnust lie at the cell origin and the other at the center of the
probably due to the presence of significant texture, could notell as schematically shown in Fig. 4. This requires the crys-
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TABLE I. Experimental Bragg intensities of the cubic phase of
ethanol at 90 K extracted from the powder diffraction spectra with
a profile matching procedure. The three rightmost columns show a
comparison of the Bragg intensities as calculated from an isotropic
model with the experimental pattern expressed in absolute units,

L~

and the calculated standard deviation
N (hkl) Intensity Fcarc Fobs o

N
(110 101312 31.89709 31.83400 0.19469
(200 57(6) 6.02398 7.53558 0.42909
(211 32(5) 2.73132 5.64305 0.49193
(220 6(3) 5.11197 4.48817 0.74070
(310 17(4) 4.30463 4.16857 0.51588
(222 3(3) 1.95492 1.89865 0.87632

about 3.5 A or so can be ascribed to molecular orientational

FIG. 4. A snapshot of the bce cubic unit cell of ethatfor the  correlations, as discussed below.
OG and RP phasgswhich shows only the two independent mol- ~ As far as how a single molecule explores all available
ecules which define the unit cell. orientations, two alternatives can be tested. The simplest as-

. sumes isotropic rotational diffusion so that the atoms distrib-

tal space group to be symmorphic, i.e., the crystal sSymmetryjte yniformly in concentric spherical shells. Alternatively a
operations must be purely rotation@hodulusa Bravais lat- giscrete representation of the available sites from within
tlc_e_tra_lns_latlom so that the molecular posmo_n at the C_eII which very fast jumps between symmetry-related molecular
origin is invariant under all symmetry operations. We find yjentations take place can also be used. The latter is usually
for ethanol five bcc space groups which fulfil these condi-oferred to as the Frenkel model.
tions, namely,|23, Im3 (m3 Laue classand 432, 143m, To model the RP crystal we have first considered an iso-
Im3m (m3m Laue class Between those, as experience tropic spherical orientational distribution where the center of
dictate$'~*3the space group most likely to provide a faithful the sphere is found by a least-squares refinement of the ob-
representation of the OG and RP structures is the one witerved Bragg intensities. An anisotropic thermal parameter
the maximum allowed symmetry within the Laue class. This(Debye-Waller factor was also introduced but the refine-
property stems from the high entropy arising from dynamicalment process became unstable and a fixed reasonable value
disorder characteristic of plasticotatoy crystals, and hence of (u2)=0.019 A2 was chosen in further refinements. The
the space group must generate a large number of symmetrgcarce number of Bragg reflections in our case makes the
equivalent molecular orientations. In our case, the highesfitting procedure a complicated task as local minima abound.
symmetry space group would bm3m. Most rotator-phase The refinements converge to a solution which fits well the
crystals have the striking property that the molecular sitesix Bragg intensities with a weighted factor Bf,=2.2%.
symmetry is higher than the molecular point-group symmeThe spherical rotation center is finally found to be close to
try itself.* This is a direct consequence of the dynamicalthe molecular center, thus leading to a minimum effective
disorder, i.e., the molecule performs successive reorientarolume. Such a result is also supported by the presence
tions between symmetry related positions so that the timewithin the RP phase of a basicaly-independent quasielas-
averaged structure conforms to the crystal site symmetry. ltic background, as well as with the similarity of the x-ray and
our case, the site symmetry would im@m (O,,) whereas the neutron-diffraction intensities. This suggests that the contri-
molecular point symmetry(;,,) has, at most, a mirror plane bution of the deuterium atoms is very small, as it happens
element for the molecularans conformation. here, if they distribute uniformly in the outer spherical shells.

The diffraction profile was fitted to a set oklfl) inten-  If they were localized their contribution would be even larger
sities, cell parameter, background, and peak-shapsru-  than that of the skeletal atoms as it happens for the mono-
menta) functions assuming the3m Laue class. The back- Cclinic phase. Also, this result seems to confirm that the cor-
ground is reproducible using a cubic polynomial and arect space group iEm3m as a spherical distribution shows
Lorentzian peak shape accounts for the peak shape and givéee maximum allowed symmetry.
a fitted full width at half maximum value of 0.29°. The re-  Attempts have also been made to fit a Frenkel model as-
fined value of the cubic lattice parameter is 5.@R with suming thelm3m space group. Here, a given molecular po-
a weighted disagreement factB(,=3.6%. The values ob- sition generates 48 equivalent orientations. Because of this
tained for the six observed Bragg intensities are displayed ifarge number, the atoms spread rather densely over spherical
Table | together with the observed values and the computeshells during their motion and in practice this model ap-
deviations. proaches the previous one. A systematic search of the param-

The simplest approach which is commensurate with theter spacgmolecular orientation and translatiohas been
site symmetry corresponds to an isotrofdontinuou$ dis-  performed in order to localize the least-squares minimum
tribution of molecular orientations, which as already shbwn with respect to the observed intensities but many different
takes account of the oscillations appearing in the experimerequally good solutions were found. This multiplicity is
tal D(r) from about 3.7 A onwards. The origin of the peak surely due to the aforementioned fact that all of them result
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= for the orientational glass, rotator phase crystal, glass, and normal
g liquid. The dashes represent the density lindwpr for the liquid
. which is given in molecules per 2. All other curves have been
¥ . o
B upshifted by 0.2 units increments.
= ~3.5A. A glance at Fig. 2 shows that the latter peak has an
£ 2 intensity which seems to be quite directly related to the ex-
-3 tent of orientational randomness, being minimal for the nor-
= mal liquid and maximal for the stable crystal. It is the only

6 8 10 intermolecular feature which is narrow and intense, different

r (f&) from those produced by long-range regularities. Its assign-
ment to specific atomic contacts was attempted on the basis

inter of some reverse Monte Carlo calculations and found to arise

FIG. 5. The upper frame shown th@l ;'(Q) comprising the - .
center of mass and orientational correlations. The upper framérom a mixture of the partialgpp(r), geo(r), goolr), and

shows the diffuse scattering intensities for the ®Blid line) and god%(l’), none of them. pelng_ dominant. The importance of
the OG (dashed ling arising from molecular correlations as given Dié\_%%%r(r) can be quantified with respect to the transform of
by Eq. (4). The upper curve has been upshifted by one unit oDt = (2/7) [dQQ[1(Q) — I gragd Q) ISINQr) which gives
facilitate viewing. The lower frame displays tBe'" (r) real space all the contributions arising from the diffuse intensity. Such a
correlates of the functions shown in the upper frame. The inseeomparison is also provided as an inset to Fig. 5 and shows
depicts a comparison between one of the latter functions and ththat D& (r) dominates above 3.2 A or so, even if the ratio
one arising from Fourier-inverting the total diffuse intenditipts.  of the integral of that function with respect to that arising
from the total diffuse intensity amounts a meagre 7.5% only
in an almost uniform orientational distribution. The disagree-in the RP and about 8.4% in the frozen OG phase.
ment factor is very low {~0.8%) and the calculated intensi-
ties are within the experimental uncertainties. In all cases the
molecular center converges towards the cell origin thus mini-
mizing the time-average molecular effective volume. ] ] ]
The next step of the analysis involves the establishment of The staticDine(r) =4mpr[Gineedr) — 1] pair correlation
the relative importance of the intermolecular correlations agunctions for intermolecular contacts for all the disordered
represented bySS.(Q). Since, as described above, the Phases are shown in Fig. 6. These are the Fourier pairs of
single-molecule contributiol(Q) to the diffuse intensity QLS(Q)~f1(Q)—S(e)] and represent the extent of corre-
has already been taken care of, here we are set to isolate tfions of both positional and orientational nature. As far as
rest of contributions entering EG}) by experimental means. the formgr are conqerned, the Iow—penpd oscillation with
This can be achieved after subtractionfe{Q) as well as first maxima appearing at about 4.5 A in the OG and RP

the Bragg profile to the experimental spectra. What is left is}unctions constitute the more clear signaturg. They origin_at.e
a function rom the set of Bragg peaks as discussed in more detail in

Ref. 4. These peaks appear because of an undertiyime;

IQ}}?’(Q)ZS@W(QHfZ(Q)exp(—ZW)—S(oo) ) averagedcrystal structure, which exists even if at some

given instant deviations from it can be relatively large due to
which shows oscillations up to about 10°A and an ex- the large amplitude motions executed by individual mol-
ample of those for the RP and OG crystals is given in Fig. 5ecules in some of the disordered pha¢e®). Such time-
Such functions once transformed into real space give rise taverage structure is not very much different from the
a function Dﬁ,‘lr(r) which basically has only two well- ensemble-averagedubic crystal structure characteristic of
defined features, being a shoulder at about 2[a Alistance the OG phase, where only small amplitude librations take
reminiscent of nearest-neighbgrydrogen-bondedcontacts place. Taking such an analogy a step further one can relate
in the monoclinic crystd) and a rather well-defined peak at the low-period oscillations in the glass and liqudg,(r)

B. Intermolecular structure for the liquid and glass
in relation to that of the RP and OG phases
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appearing as maxima at abost4.5 and~9 A to the pres-

ence of the first, strongest peak $Q), and theretofore to 3.835 T
the existence of a time and ensemble-averaged intermediate- 3.830 ) H }
range regularity which only concerns the molecular centers ’ 3 {?% } E
of mass. Such regularities are, on the other hand relatively 3825 L ..H E
modest in their extent, and never surpass characteristic scales < C ]
of about 20 A, whereas those for the RP and OG phases = 3.820 [ +* .
should extend over several hundreds’nfjstrans, a guess SRR A ]
made from the estimated natural widths of the Bragg peaks. 3.815 | * (a) 1
In parallel, the decrease in orientational correlations in E ]
passing from the disordered crystals to the glass and liquid B
can also be followed from Fig. 6, together with information ~ T e T
aboutSj(Q) discussed in the previous section. The referred S g0k (b) v 77 ]
figure shows that the characteristic peak appearing at about = E T ee st * L]
3.5 A in the disordered crystals now appears as a shoulder in -.*.4 70 L . ]
the glass function and is basically blurred in the normal lig- - [ % ]
uid, where it would become rather hard to quantify. o e0f . o ]
The present result thus shows how correlations of both - bv o 0 6 207 ]
positional and orientational origin are enhanced when cross- O T A e A L 1
ing both the canonical liquig-glass transition alongside with S T TN T T
the RP—OG freezing, and therefore those of purely orienta- 85 90 95 100 105 110
tional nature will have to be considered on the same footing T(K)

as those of positional origin.

FIG. 7. (a) The variation of the lattice spacing corresponding to
the main peak ofS(Q) along the RP~OG transition region(b)
Accompanying changes in the constant-pressure heat capacity Ref.

To investigate in more detail the structural changes assd for the stabldmonoclinig crystal(vertical barg RP—OG transi-
ciated with the RP-OG transition a series of x-ray diffrac- tion (filled symbolg as well as the supercooled liquieglass(open
tion measurements at temperatures comprising the transiticlymboIs.
region were carried out. From there the temperature depen-
dence of thed spacing corresponding to the most intenserespect is the value of the entropy change at the transition,
(110 diffraction peak was derived after profile analysis of Which givesAS=12.84J K'* mol™* or ~3n 2 per formula
the diffraction patterns. The results are shown in Fig. 7 toUnit, as expected for a purely rotational melting process.
gether with calorimetric dafawhich show the variation of The apparent discontinuity at about 95 K exhibited by
the heat capacity for the monoclinic crystal in a range ofd(T) could not be fully ascertained because the relatively
temperatures where the RFOG transition as well as the poor statistics of data above such temperatures, possibly due
canonical liquid-glass takes place. As can be seen fromto some small hysteresis effect.
comparison of thel(T) andC(T) graphs for the RP-OG
transition, the latter appears somewhat more smeared out if
followed through the structural parameter than that witnessed
by the associated changes in the heat capacity, where the Monitoring the changes in orientational and positional
jump in C, is confined to a region of about 9 K, quite com- correlations in passing from the fully ordered crystal to the
parable in fact to the range covered by the conventional glagglass has been made possible by the existence of the orien-
transition. Such smearing out of the transition surely arisesationally disordered phases of solid ethanol, which consti-
from both the strong thermal expansion effects referred iriute states showing positional long-range order only. From
previous sections as well as from the plausible gradual freeadata given in previous sections the following points are
ing of the rotational degrees of freedom. shown.

In this latter respect, one sees that at the lower end of the The realm of orientational correlations in the glass phase
transition, 96 T<95 K, the heat capacity of the disordered is confined to next-nearest neighbors, at most. This is so
crystal significantly exceeds that of the fully disordered ma-even for the disordered crystédRP and OG phases, where
terial, something which provides a clear indication of theno signature of correlations of this kind appears for distances
sluggish arrest of the orientational degrees of freedom. Invell abowe 8 A or so,
fact, the specific heat of the OG phase remains slightly above In contrast, positional correlations extend in the glass
that of the glass down to about 10 K, a fact explainable byphase up to 15 A or so, and up to about 10 A in the low-
the somewhat different shapes of the generalized frequendgmperature, normal liquid. This has been ascertained by the
distributions® Notice however that such an excess in heatclose relationship between the low-period oscillations ap-
capacity does not imply an entropy excess of the disorderegearing in theD(r) functions of the glasgand liquid with
crystal over the glass, thus leading to a Kauzmann paradogthose of the orientationally disordered phases, once the ori-
In fac? the entropy of the OG crystal is bounded below thatentational correlations are accounted for.
of the glass and supercooled liquid over the entire tempera- In consequence, the presence of IRO is shown here to
ture range. A point which seems worth commenting in thisarise from mainly positional correlations, and this involves

C. Rotational freezing transition

IV. DISCUSSION AND CONCLUSIONS
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the glass neighboring particles located up to a third shelyided by inelastic neutron-scattering results given in Ref. 3
from the origin. where the broad quasielastic background of rotational origin

Correlations of orientational origin are, however, rela-was shown to remain well into the OG phase. Whether the
tively more enhanced than the positional ones upon crossinguggish thermally activated orientational librations referred
from above the liquid-glass and orientational freezing transito in Ref. 28 taking place close to criticality can be identified
tions. The contribution oD (r) to the total correlation with some motions giving rise to an excess ©f in the
function D (r) has served to quantitatively express this for temperature range of 86T<95 K where, as referred above,
the RR—OG transition. Such an enhancement can only bng)G>cg'aSS, constitutes an interesting topic of future re-
discussed on qualitative grounds, on the basis of the featurgaarch. Such behavior may also be related to the presence of
appearing at 3.5 A, in the case of the canonical liquid-glasgypT relaxations in analogy with those found in other
transition. rotator-phase compounds.

The implications of the present results should be clear for  Ag shown in previous sections, the freezing of the rota-
those materials composed of well-defined stoichiometricafional degrees of freedom characteristic of the RP phase oc-
units, irrespective of whether these are of mo_lecular nature Qfyrs over a range of temperatures remarkably similar to that
not (€.g., SiQ tetrahedra or BO; groups, and in fact, some  comprising the canonicdl, without any clearly measurable
analogies with the premelting behavior of narrow-gap semigjiscontinuity in the cell volume. Other static properties ex-
conductors can be fourfd.Also, the present results provide amined so far also show a lack of any relevant discontinuity.
a basis for the understanding of some recent findihgbere  Therefore, the freezing transition seems to have a dynamic
the most noticeable structural change in a deeply supelsyigin and hence provides a very adequate testing ground for

cooled liquid was found to be related to the increase of oriyhe predictions made from mode-coupling approaéhél.
entational correlations.

The RR~OG transition can be considered as a physical
realization of the hard needles on a fcc lattice model ex-
plored by Renneet al?® which exhibits a kinetic glass tran-
sition whenl =L/a, the needle length to lattice constant ra-  This work was performed in part under DGICYEpain
tio, exceeds about 2.7. As should be evident, the controGrant No. PB95-0072-C03-01. The authors would like to
parameter in our case cannot be the sanwalid for a model  thank M. Gonzéez, P. Radaelli, P. Cross, and P. Palleau of
of noninteracting bodies and which in our case is about 0.72he Institut Laue Langevin for their scientific and technical
but rather the temperature, which below about 90 K leads tassistance as regards the neutron diffraction experiments.
a complete arrest of the large amplitude rotational motionsM.A. Ramos and S. Vieira are acknowledged for the specific
A direct experimental test of that dynamic arrest was pro-heat data.

ACKNOWLEDGMENTS

1A. Srinivasanet al, Phys. Rev. B53, 8172(1996. 113, G. Powles, Adv. Phy22, 1 (1973.

20. Haida, H. Suga, S. Seki, J. Chem. Thermodyri133(1977): 12M. A. Krivoglaz, X-Ray and Neutron Diffraction in Nonideal
M. Hugo, K. Schiiter, and A. Wuflinger, Z. Phys. ChemNeue Crystals(Springer-Verlag, Berlin, 1996p. 241.
Folge 175 235(1992. 13M. T. Dove and G. S Pawley, J. Phys.1Q, 6581(1984.

SM. A. Ramoset al, Phys. Rev. Lett78 82 (1997; in Non-  '*P. A. Egelstaff, D. I. Page, and J. G. Powles, Mol. PI26.881
Equilibrium Phenomena in Supercooled Liquids, Glasses and (1971).
Amorphous Material§World Scientific, Singapore, in press 15p_ Gerlach and W. Prandl, Acta Crystallogr., Sect44 128

“R. Fayoset al, Phys. Rev. Lett77, 3823(1996. (1988.

SFor recent appraisals, see, P. S. Salmon, Proc. R. Soc. Londo}fF. Dunstetter, Ph.D. thesis, Universite de Paris-Sud, Orsay, 1988;
Ser. A445 351 (19949; P. H. Gaskell and D. J. Wallis, Phys. F. Dunstetter and A. Delapalme, Physicd 86-157 11 (1989;

Rev. Lett.76, 66 (1996. Fiz. Nizk. Temp.22, 119(1996.
5p. G. Jmsson, Acta Crystallogr., Sect. ®, 232 (1976. 1ProgramruLLPROF. A version of the Rietveld code developed by
D. G. Montague, I. P. Gibson, and J. C. Dore, Mol. Ph43. J.Rodrguez-Carvajal. Obtainable from Laboratoire Leon Bril-
1405 (1982; Y. Tanaka, N. Ohtomo, and K. Arakawa, Bull. louin, C.E.N. Saclay, 91191 Gif sur Yvette, France.
Chem. Soc. Jprb7, 2569(1984; A. H. Narten and A. Haben- 8R. K. Kakar and C. R. Quake, J. Chem. PH§3.4300(1980; G.
schuss, J. Chem. Phy80, 3387(1984. Dolling, B. M. Powell, and V. F. Sears, Mol. Phy37, 1859
8T. Eguchiet al, Mol. Phys.40, 681 (1980. (1979.

9F. J. Bermejoet al, in Complex Behaviour of Glassy Systems °W. A. Phillips, in Amorphous Solids: Low-Temperature Proper-
edited by M. Rubiet al, Springer Lecture Notes in Physics ties edited by W. A. PhillipgSpringer-Verlag, Berlin, 1981p.
(Springer-Verlag, Berlin, in pregsThe heat capacity excess of 53.
the OG with respect to the glass within the ranges83<95 K 20program Lsucres (D.E. Appleman, U.S. Geological Survey,
is also seen in data reported in Fig. 4 of H. Suga, Pure Appl. Washington D.Q.
Chem.55, 427 (1983, 21D, Andrg D. Ceccaldi, and H. Szwarc, J. PhyBrance 45, 731
01nstitut Max von Laue Paul Langeviguide to Neutron Research (1984).
Facilities at the ILL edited by K. Ibel(ILL, Grenoble, France, 223 p. Amoureux, M. Beeand J. L. Sauvajol, Acta Crystallogr.,
1999. Sect. B38, 1984(1982.



56 STRUCTURAL CORRELATIONS IN DISORDERE.. . . 11 545

2R. Fourme, J. PhygFrancg 40, 57 (1979. 2’R. Lehenyet al, J. Chem. Phys105, 7783(1996.

%The Plastically Crystalline Stateedited by J. N. Sherwood 28C. Renner, H. Lwen, and J. L. Barrat, Phys. Rev. %, 5091
(Wiley, Chichester, 1979 (1995.

25M. Descampet al., in Quasielastic Neutron Scatteringdited by ~ 2°E. R. Duering, R. Schilling, and H. P. Wittmann, Z. Phys1@,
J. Colmeneraet al. (World Scientific, Singapore, 1994p. 107; 400 (1996.
Physica A201, 346(1993. 30w. Gotze, inLiquids, Freezing and the Glass Transitjoedited

26D, L. Price, M. L. Saboungi, and W. S Howells, Phys. Re\cB by J. P. Hanseret al. (North-Holland, Amsterdam, 1991p.

14 923(1995. 287.



