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Transverse Brillouin spectra of orthoterphenyl are measured i28@&-305 K; 0.1-100 MBaemperature-
pressure range, which corresponds to the supercooled phase of this organic glass former. We show that the
analysis of these spectra combined with an extrapolation of the reorientation times under pressure leads to an
estimate of the static shear viscosity in a pressure range whose validity extends beyond the range of the
Brillouin measurements. The relative contributions of temperature and of density to the change of this reori-
entation time measured along an isobar are extracted from our results in a large temperature range extending
from the liquid to the low temperature supercooled state. They appear to be always of the same order of
magnitude. It is also shown that in the range of the experiment, the orientational time is depending on a unique
parameter built on temperature and density.
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I. INTRODUCTION well documented: shifts of the liquid-glass transition tem-
perature with pressur®], determination of the equation of
A well-known characteristic of the liquid to glass transi- state[10], dielectric measuremenfd1], dynamic light scat-

tion at ambient pressure is the tremendous increase in shei@ring[12], neutron diffusior{ 13], specific heat spectroscopy
viscosity as temperature decreases. At the same time, sorh®4], and viscosity{15] measurements have been done.
of the motions inside the fluid slow down in the same pro- Transverse diffusive modes always exist in liquds].
portion. This phenomenon is linked to the structural relax-IN glass-forming liquids formed of anisotropic molecules, a
ation, the increase in shear viscosity being actually a signa’it“k'”g_ feature is the observaﬂon of propagative transverse
ture of it. Similar increases in viscosity and structural WaVes in the fluid phase provided the frequency of the probe
relaxation time are observed when pressure is increased 5tNigh enougtil7]. The progressive transformation of these

constant temperature. Actually the relevant thermodynamiceﬂ""lnSVerse modes from a diffusive to a propagative behavior

parameters are temperature and density, the latter increasiﬁﬁon cooling has been the object of numerous experimental

. ) : d theoretical studiegl8—-20. Very recently, a complete
when pressure increases and increasing also when tempe{ﬁéory of the phenomenon was give2d, 27 in terms of a

ture (;k_ecreases. As b(.)th pargmete_rs can drive the I|qU|d-gIa§%t of coupled equations of motions for the mass density and
transition, only experiments in which temperature and preSg,e mean local orientation of the molecules, which take into
sure are changed can allow to disentangle both effects and iyt 5 rotation-translation coupling. These equations can
determine their relative importance, which is of great theo,q rigorously derived22] taking into account retarded ef-
retical interest[1]. While the description of the structural fects to which correspond specific memory functions. An in-
relaxation at variable temperature and constant ambient pregsresting aspect of this theory is that it allows one to derive
sure is now well documente®], the amount of data ob- from light scattering experiments, performed at temperatures
tained at variable temperature and pressure is still rathest which propagative modes are detected, the value of the
sparse, because of experimental difficulties, so that only fewtatic shear viscosity that should be measured at the same

studies are available. temperature by classical viscosimetry, and this prediction has
Among the numerous glass formers, those belonging tkeen verified already in a few instanded,23.
the “fragile” type [3], i.e., the thermal variation of their vis- In this paper, we analyze the transverse propagative

cosity is strongly non-Arrhenius, are of special interest. Sanodes in OTP measured under variable temperature and
far, this behavior is still not well understood and some of thepressure. We discuss in detail different options of the analy-
theories of the liquid-glass transition are expected to be pasis and their impact on the results and more particularly on
ticularly effective in its descriptiof2]. the relaxation times and viscosity. Although this discussion
Orthoterpheny(OTP) belongs to this family and is one of may appear somewhat intricate, it leads to a simple assump-
the most studied glass-forming liquif4]. At ambient pres- tion on relaxation times measured at ambient pressure which
sure, several dielectric, neutron, and light scattering studies then validated when extended to high pressure. Taking
have been publishdd —8]. OTP under pressure is also quite advantage of the wealth of data already existing for this mo-
lecular glass former and of the results of the analysis, we
show that the orientational relaxation time is a function of a
* Author to whom correspondence should be addressed. unigue parameter built as a simple power law of temperature
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and density and we determine the relative importance of thend term is proportional ta\, the rotation-translation cou-
parameters’ density and temperature in the thermal variatiopling strength. The numerical study of that term shows that
of the structural relaxation time in a large range of temperaits spectral shape is mostly determined by the frequency de-
tures. pendence ofyr(w), the numerator representing only the
In the following section, we summarize the main theoret-coupling of the mode to the light scattering mechanism. The
ical results concerning the detection of the transverse modesppearance oR?(w) in the denominator is the result of an
in a light scattering experiment. In Sec. lll, we describe theapproximation in which one admits that the memory function
experimental setup and the results obtained by us. In theharacterizing the rotation-translation mechanism is very
following one, results of the analysis of the ambient pressuraimilar, at low frequency, to that describing the rotational
experiments are discussed. In Sec. V, we propose an expregynamics. Due to the cg@/2) term in Eq.(1), the transver-
sion for the rotational relaxation time, valid in the sal modes cannot be detected in backscattering geometry.
temperature-pressure domain, and we show that this expres- The transverse viscosity;(w) given in Eg.(2) is the
sion is consistent with the high-pressure light scattering andum of the shear viscositys(w), due to the centres of mass
viscosity measurements. Finally, we discuss the relative immotion, and of a second term due to the coupling of the
portance of temperature versus density effects in the glasgentres of mass motion to the orientational dynamics. This

forming liquid OTP. second term depends on the coefficidnand on an expres-
sion inR(w) representing the contribution of the orientation
Il. THEORETICAL BACKGROUND coupling to 71(w). Its influence will be minimal as long as
A is a small quantity.
A. Transverse modes in supercooled liquids Let us notice the following.
of anisotropic molecules (i) The denominator of the second term of Etj. charac-

In liquids formed of anisotropic molecules, the depolar-terizes the dynamics of the transverse modes at frequency
ized light scatterindDLS) spectrum contains a central peak With our definition of the Fourier-Laplace transfofi25],
corresponding to the reorientational dynamics of these mol-
ecules, which is detected through the corresponding change lim 7r(w)=ins, (3)
in the anisotropic polarizability tens¢24]. Due to the very 0—0
small wavelength of the scattering wave vectprthis dy-

namics can be considered in ¢s=0 limit. As is well known . . . .
since the beginning of the 1970%7,18, transverses modes where 7s is the static shear.v!s.cosny at. the same tempera-
e ture. AsR(w) is the susceptibility associated with the rota-

characterized by their wave vector can also be detected thonaI dynamics(see Ref[1))
this mechanism. The complete thedB1] involves a set of y '
coupled hydrodynamic equations that considers both the mo-
tions of the centres of mass of the molecules and their mean
local orientation. These equations contain a rotation-
translation coupling between those two variables, which is
characterized by its strength and a memory function de-
scribing the retarded aspect of this coupling. This theory genThis yields, at every temperature, the exact relationship
eralizes earlier works, in particular those of Quentr&8]
and Wang 20]. — (Vi

In the frequency range of interest, for the depolarized 75~ I)J,ITO 7s(w). &
light scattering experiments we shall analyze, the intensity
can be writter{21] as

=0. (4)

lim [i R2(w)

w—0

(i) Conversely, for large enough wave vectors, the trans-
verse modes are always propagative and weakly damped in

AGPpy ' R(w) _ _ _
, this hydrodynamics approacf21,22. The corresponding

1
| anisd @)% — Im| R(w) + cog 62—
w w

_ -1.2
®pm 9 71(w) n transverse velocity is given by
wherep, is the mass density) is the scattering angle, amd 3 R¥(w) Y2 T py(w)]M?
the wave vectory(w) is the “total shear” viscosity given vr=|1-A 7s(w)[1-R(w)] Pm
by 0 w0
) [ ns(@)]*? 5
wpr(0) =0y )~ ARY)[1-R@)], () alrs : ©

w— 0

where 75(w) is the frequency-dependent shear viscosity

without translation-rotation coupling@.e., bare viscosities re- r is called the reduction factor, and the closer it is to unity the
lated only to the motion of the centres of masEhe first  smallerA is: a simple reading of the peak of the depolarized
term of Eq.(1), proportional toR(w), represents the low- spectrum gives a good estimatemf( w),_.. as long as\ is
frequency part of the rotational dynamics while the seconda small quantity(see the Appendix for a discussion of the
describes the intensity due to the transverse mode. This selimits).
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B. Frequency dependence of the memory functions could also be introduced. In the range of frequency of inter-

The use of Eq(1) to analyze depolarized spectra implies est, thi; coupling is usually written asyg and should be
the knowledge of the functional form ofs(w) and ofR(w). ~ 2dded in Eq(9). _ ,
R(w)/w is the Laplace transform of the long time part of the . 1 10ugh7s(w) is @ memory function and not a correlation
orientational dynamics whileys(w) is a similar Laplace function, the same functional form is expected to hold, which

transform for the memory function coupling the instanta-Yi€lds

neous stress tensor to the strain rate tensor of the liquid. 1 Beo
Assuming for these functions a Debye relaxation mecha- w?]s(w)=Gfé(1— —) +igw®+inys
nism, o(t) = oy exg —(t/7)], leads to the well-known Max- (1+iwTy)

well formulation of viscoelasticity. Actually, in most super- (10
cooled liquids, it appears that this formulation oversimplifies,yith same values foa and g as in Eq.(9).

the representation of the relaxation process. More realistic Contrary toR° G is not a number but an elastic shear
representations have to be used for its description. The Si”?ﬁodulus[see Eq(6)], which simply needs to be positive. In
plest extension of t.he Debye relaxation function is thethe Appendix, we show that the functional form, E@0),
stretched exp%nentl_al (or Kohlrauscbl function o(t) containinggs and vy, is only valid in the frequency domain

= oo exf —(Un)™], its associated frequency-dependentyt inierest for the light scattering spectra, but is appropriate

Fourier Transform[2] o(w) being often conveniently ap- for computing the two limits mentioned in Eq&) and (6).
proximated by the Cole-Davidson function: The proper use of these limits yields

—j Bep
o(w)= —20 1 1 ) (7) 7s=GZ7Bcop (11
w,BCD 1 +1 WTcp
and
the parameterg.p and r¢p being related to the parameters
of the stretched exponentigk and r¢ by expressions given r=[1-AR3G. (1-Ry) 112 (12

in Ref.[26]. Nevertheless, studies performed in the last de-
cade have shown that E7) is insufficient to describe the

higher-frequency results. We have thus to discuss how Eq.
(7) has to be used and what has to be added in the high- The light scattering spectra at all temperatures and pres-

IIl. EXPERIMENT

frequency domain to describe the features there. sures were taken using a 6-pass Tandem Fabry-Perot Inter-
In the case of the rotational dynamics, the low-frequencyferometer(JRS and an optical system described in detail
part of R(w)~wao(w) has to be written as elsewherg 29]. The incident beam from an argon-ion laser
operating in a single mode at=514.5nm at a power of
1 Peo about 400 mW and the scattered beam was polarized verti-
R(“’):Ro(l_ (1+inR)) ] (8) cally (V) and horizontally H) to the scattering plane, re-

spectively, using the Glan and Glan-Thompson polarizers. A
with 0<Ry<1, R, being the weight of thex relaxation pro- narrow band interference filter was used in order to suppress
cess in the total orientation dynamics. Equati@) thus the contributions of higher orders to the DLS spectia®.
leads to an experimental determination of the corresponding The high-pressure light scattering cell was described in
Bcp and 7x(T). This equation does not describe the high-detail elsewherg¢31]. The pressurizing medium was nitro-
frequency part oR(w), which exhibits[27] a minimum in  gen. The temperature range of the cell is frer80 to 150 °C
the susceptibility at frequencies higher than theelaxation —and the pressure range is 1-2000 bar. The aperture of the
process, and then an increase up to the THz region. Thesé@ndows of the pressure cell is 2.4°.
two last features have been interpreted within the mode cou- The commercially obtained OT®Merck-SchuchardtT,
pling theory(MCT) [2] as the signature of a so-call@dfast =244 K, T,,=329 K) was carefully distilled and filtered
process, and, in particular, the increaseR§iv) has been (0.22.um Millipore) directly into dust-free cylindrical deac-
named the critical decay process. Even if the MCT is applitivated Pyrex cellginside diameter 10 mjrto avoid crystal-
cable, in the best molecular liquid cases, to a temperaturézation as much as possible. Nevertheless, crystallization oc-
domain smaller than the one we shall explore here, we shatiurred often during the experiments at high pressure and is
keep, for simplicity, this nomenclature in the present paperthe major difficulty in carrying out the measurements.

In the frequency domain of existence of this critical decay, In order to detect the transverse Brillouin spectra, a 90°

R(w)=Ry +igw?

R(w) is expected to behave as with 0<a<1, so thatit VH scattering geometry was used in our ambient and vari-
will be necessary to replace E®) by able pressure experiments. Furthermore, at ambient pressure
backscatteringgH geometry spectra were also measured.
1 Peo Ambient pressure experiments were performed in a purpose
1- (1+iw7gr) ' ©) built oven with an aperture of 5°. High-pressure experiments
were done for 20, 40, 60, 80, and 100 MPa in 34 ge-
following an approximation close to that given in RE28]. ometry. Figure 1 shows the thermal variation of the trans-
In principle, other fast relaxation processes corresponding taerse Brillouin lines at ambient pressure and variable tem-
the coupling of this dynamics to fast decaying variablesperature. The full lines are fits to the data as described later.
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FIG. 1. Transverse mode: Experiments and fit to the data fol- FIG. 3. Transve_rse mode, Experimental and fit; constant pres-
lowing Egs.(1), (10), and(11); ambient pressure, variable tempera- SUre(100 MP3; variable temperatur¢ll) 340, (@) 330, (A) 320,
ture: (M) 260, (®) 270, (A) 280, (V) 290, (#) 300, (@) 305 K. (V) 310.(#) 300 K.

Inset: transverse Brillouin frequencies at 90° scattering geometry, . . L.
this work, (@): Ref. [5], (O); Ref. [6(b)], (®). determine in principle at each temperature, the shear relax-

ation times and shear elastic modulus and compare them to
The Brillouin linewidth decreases and the Brillouin fre- the static shear viscosity values. We shall see that the results

quency increases with decreasing temperature. As shown |gad finally to a suggestion for analyzing the spectra recorded
the inset of Fig. 1, the transverse Brillouin frequencies are irit high pressure where we have much less spectral
very good agreement with results already publisfgld In ~ information.

Fig. 2 and in Fig. 3, respectively, the pressure variation of the

transverse Brillouin lines at constant temperat(860 K) A. Analysis of the transverse modes

and the temperature variation of the transverse Brillouin  1pg jntormation contained in the backscattering and in the
lines at constant pressufe00 MP3 are shown. As in Fig. 1, ' gge gepolarized spectra in the limited range accessed in our

lines are fits to the data. To show the relation between thg,pariments is insufficient to determine all the parameters
contribution from the rotational and the transversal mOdeSentering into Egs(1), (10), and (11). To circumvent this

we matched two spectra taken at 300 K in backscattering angicyty, in a first analysis, we use the rotational relaxation
in 90 s.catf[erlng geometry and show them in Fig. 4. L|n.es[ime s and the stretching paramef@2] B¢y, obtained from
are again fits to the data and are explained in the fOHOW'ngbreviously published experimerit§]. We thus simply adjust
section. at each temperature the two parametarand g to fit the

IV. ANALYSIS OF THE AMBIENT
PRESSURE EXPERIMENTS

-
o
s |

The theoretical frame summarized in Sec. Il allows us to
analyze the transverse modes at ambient pressure, thus tc
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0.01 T T T T - ‘ ‘6 FIG. 4. Transverse mode analysis at 300 K and ambient pres-
Frequency (GHz) sure: (M) 90° depolarized spectrg—) fit to the 90° depolarized
spectra,(— — —) Cole-Davidson(CD) contribution, (—-—-—-—)
FIG. 2. Transverse mode, Experimental and fit; variable presbackground contributior(; - - -) sum of the CD and background
sure, constant temperatu¢@00 K): (l) ambient,(®) 20, (A) 40, contributions () depolarized backscattering intensity,(-) fit to
(V) 60,(4) 80, (4 100 MPa. the depolarized backscattering intensity by Ed)).
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FIG. 5. Relaxation times: rotational time; and shear timers FIG. 6. Shear modulu§< at ambient pressure: without con-

obtained at ambient pressure from Sec. tyfrom Ref.[6], (W); 7 straint onrg, using the best fit foR(w) (Sec. IV A) (A); without
whereR(w) is the backscattering spectrum apet 0.1 GHz(®); 75 constraint onrg, R(w) being represented by a Cole-Davidson func-
whereR(w) is a Cole-Davidson function angi=0.1 GHz (0). tion (Sec. IVB (V); including fast relaxation process fog/
=10(0); Gg (O).

experimental data. The experimental backscattering intensity o . o
R(w)/w measured at 300 K and fits to this profile by Eq.°2n€ finds that it is 0r_1|y at high temperatures that it differs
(10) are shown in Fig. 4. The fit is good in the whole fre- slightly from the elastic quulgs computed directly from the
quency domain over which we have measured the depolaﬁequeg‘cyz‘”B of the Brillouin transverse modesGg
ized backscattering spectrum. =pmws/q°).

To fit the latter, we have first made the hypothesis, already Comparison between computed and experimental values
made explicit in Eqs(10) and(11), that the stretching coef- Of the static shear viscosity is shown in Fig. 7. In the two
ficients Bcp are the same foR(w) and w7s(w). Also, we  Previous cases already mentioned, bqth. values coincide at
setg, to zero and estimategly, assuming it to be tempera- least in a limited temperature range. This is not the case here.

ture independent. Its value was deduced from the value ofhough the thermal variations of the calculated and mea-

temperature and was found to be 0.1 GF88]. Thus the thermal variations, the computed values are smaller than the
fitting equation involves four free parameteRy, G.., r,,  directly measured ones by more than one order of magni-
and A. The result of the fit is shown in Fig. 1 together with tude, even at the highest temperature, implying that there are
the experimental data at 90°: the agreement is satisfactory gflditional contributions to the linewidths. Since the high-
all temperatures in the frequency range considered. Neveftéquency parts of the relaxation function have not been yet
theless, considering the rather narrow frequency domain d@ken into account, this could be the reason for this
the fit, a question that has to be considered is the validity ofliscrepancy.

the parameters determined in this way.

Shear relaxation times and infinite frequency shear
moduli (see the Appendjxare obtained from the fit, which
yields the values of the shear viscosity following Ef?2).
These quantities are shown, respectively, in Figs. 5-7. Fig-
ure 5 compares over a large thermal range the rotat{@jal
TR, and shear relaxation, times. This figure shows that
7s< 7r Whatever the temperature. Both times almost scale by
a factor of the order of 30. Although orientational and shear
relaxation times have already been found to be different in
other glass-forming liquids, this difference was much smaller
than that in the present case: a scaling factpfrs=2.43
was found in ZnCJ [23] and, in m-toluidine [21] at high
temperatures, the ratio wag/7,=4.

The infinite frequency shear modulus is shown in Fig. 6.
As it has been found previously im-toluidine, its value
decreases with increasing temperature, in the present case byFIG. 7. Static shear viscosity®) 75 at ambient pressure0—
more than 50%, for a relative variation of the temperature o#3J; fit without critical decay contribution ims(w), (A), (¥) as in
~20%. Comparing it to the apparent shear modulus obtaineHig. 6; fit with a critical decay contributionJ) /7= 10, (O)
directly from the frequency of the transverse Brillouin line, 7x/7,=5, (A) 7r/7s=1 (cf. Sec. IV Q.
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Turning now to the value of the reduction coefficiant 7g. Taking the shear relaxation timeg equal to the rota-
given by Eq.(12), we find that it varies from 0.97 to 0.995, tional time 7z does not change appreciably the shear modu-
i.e., r is very close to 1. In other studies, the value was lus but the viscosity obtained from E@Ll) is constantly
=0.95 for ZnC} [23] andr varying from 0.8 to 0.93 for higher than the experimental one, a result that is not possible.
m-toluidine [21,34]. Such ar value very close to 1 shows Then we have taken shear relaxation times proportional to
that the coupling between shear and rotation motions is veryotational times and tried several ratieg/7s=\ (A =20,
small in OTP, a fact which can be attributed to the almostl0, 5, and 3 At each temperature, fits of nearly equal quality
globular shape of this molecule. This is in line with recentwere obtained, whatevar, while the value ofS was nearly
transient grating results, which sh¢@p] that no appreciable independent of the value of that parameter: this last result is
orientation-translation coupling is present in OTP, contraryin line with our earlier remark that, as-1, G is basically
to what is observed in sal¢B6] and m-toluidine [37]. As a  fixed by the position of the phonon peak in the 90° depolar-
consequence, the weakness of the coupling does not allow {ped spectra. The best agreement with direct experimental
determine the parameters characterizing the coupling with @alues of the shear viscosity was obtained for the ratio
good accuracy. Therefore, the robustness of the values of the, /- —10. This ratio is constant over the whole temperature
parameters with the Options of the fit must be considered. range, as seen in F|g 5, which means that there is no impor-

tant decoupling between the two corresponding relaxation
B. Discussion of the reorientation contribution R(w) times in this range. We shall assume that this result remains
valid in the pressure domain we shall explore in the follow-

The reorientation contributioR(w) = wl (w) introduced | ; X h lue of i d di
in the fit described in Sec. IV A was obtained from depolar-"d Section, i.e., the value af is not depending on pressure
the explored domain.

ized backscattering measurements at ambient pressure. Ba¢R-
scattering experiments are not possible under pressure in our
experiment because of the small aperture of the high- V. ANALYSIS AT HIGH PRESSURE

pressure cell. It is thus .important to find out if we can defing In this section, we shall first propose an approximation for
a functionR(w) depending on parameters that we can obtaine yariation of thew relaxation time with temperature and

through an easier route and which can be used in the analysﬂﬁ’essure, using several light scattering experiments per-
of the transverse mo_des. i . _formed in OTP. Then these curves will be used in order to

~ We have tested this possibility by performing a second fit,,5\y7e the variation of the transverse Brillouin lines ob-

in which R(w) is simply approximated by a Cole-Davidson geyeq at variable pressure and temperature. From this analy-
function (g=0). The total spectrunir(w) is given by EQ.  gjs one can extract the static shear viscosity. Comparing with
(1) plus a background added in order to take care of theynerimental viscosities already published, we shall consider
high-frequency tail oR(w). This amplitude is a free param- e gescription of the temperature-pressure variation of the
eter and the parameter of the Cole-Davidson function igg|axation times and discuss the respective importance of the

taken as previously. This procedure gives reasonable fits Qb mperature and density contributions to the variation of the
the backscattering depolarized spectrum at every temperatugg|axation time.

as shown in Fig. 4 foiT=300 K, where we have also re-
ported the fit for the phonon part of the 90° depolarized
spectrum. The fit to the experimental data cannot be distin-a, pressure and thermal dependence of the relaxation time

guished from those performed in Sec. IV A. Furthermore, as . T _ o
seen in Figs. 5-7, they yield relaxation times, infinite shear Let us first consider in Fig. 8 the experimental data giving

moduli, and thus viscosities quite similar to those of the firsth€ light scatteringx relaxation times[6] at ambient pres-

fit: the values of the shear modulus are not sensitive to th&ure. These values result from the association of several light
choice ofR(w). scattering techniques and cover a very large range of time. A

Vogel-Fulcher approximation to these orientational relax-
ation times is given in the same figure. This approximation is
reasonable within a factor of 2 in the range 260-355 K. It
In the two preceding fits, which used the same form foroverestimates the relaxation time below 260 K and underes-
ns(w), the experimental static shear viscosity was never retimates it above 355 K38].
trieved. This can be traced back to our inability to separate, Several experiments have been performed on OTP at vari-
in the line shape of the transverse phonon spectra, the coable temperature and pressure: Atake and Ari§glshowed
tribution of the shear relaxation time, from the other con- that the pressure variation of the glass transition temperature,
tributions [terms ings and ys in Eq. (10)]. To explore the dT,/dP=0.26 K/MPa, is one of the largest observed in mo-
possible role of the critical decay defined by t@ and lecular liquids. Other experiments yield the variation of the
Sjogren[2] on this line shape, and on the value &f, we  relaxation times: dielectric absorptiofil], specific heat
have ignored, for this study, the role of the fast relaxationspectroscopyl14], and photon correlation spectroscdfy].
process {s=0). Furthermore, in order to keep the numberin the latter, the same orientational time as in Réf is
of fit parameters as small as possible, we have fixed the valuaeasured, but in a limited thermal range. In all these experi-
of the parametea in Eq. (10) to a=0.33, a value taken from ments, relaxation times ranging from 0.1 s down to about
a previous study of depolarized light scatter[i6d in super- 10 ° s were measured. In the three papers, fits to the experi-
cooled OTP. We introduce also a constraint betwegand  mental data were proposed by means of an extension of the

C. High-frequency part of the frequency-dependent viscosity
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FIG. 9. Temperature and pressure variations of the infinite fre-
FIG. 8. Rotational relaxation time. Experimental values from qyency shear modulu6: (a) Pressure variation at 300 Kb)
Ref.[12], () ambient pressuré() 100 MPa; experimental values Temperature variation) 0.1, (®) 20, (A) 40, (V) 60, (#) 80,
from Ref. [6], ambient pressureM); (— — —) Naoki approxima- () 100 MPa; lines, interpolation formula, E€L5).
tion[21]; (- - - -0 - - - ) Leyser approximatiofil4]; (— — —) Fy-
tas approximatiorf12]. Interpolation formula, Eq(14), with nu-

¢ and «. To compensate for the pressure variationrpthe
merical values of Table I: 0.1 MPa—); 100 MPa(

)- parameterry(P) was here allowed to vary with pressure and
its value was approximated by a quadratic function of pres-
sure. The final result is reported in Table I. Valuesrasb-
tained from the interpolation formula are given in Fig. 8 for

) (13) 0.1 and 100 MPa.

The stretching parametg? is supposed to vary with the
pressure. The approximation formula taken to describe the

Unfortunately, the values _of the different parametérsa, ~temperature-pressure variation®f11,6] is purely phenom-
To, ando) differ, as seen in Table |, and we have to decidegnological:

whether there exists a set of parameters which could be used

in the analysis of our own data. ' ' . B=1.09-0.6exph—0.023T—(252+0.2P)] (14)
The values predicted by the interpolation formulas in

Refs.[11], [12], [14] are shown in Fig. &) together with the  ith T in kelvin andP in megapascal.

complete series of relaxation times obtained at ambient pres- another temperature-independent val@e=0.8 has also

sure[6]. Note that the three high-pressure experiments wergeen publishefi7]. In the range of interest, the consequences

pgrformed in a temperature range that only partly coincideg this discrepancy on the results reported below are
with the temperature range of R¢6]. Extrapolated to the minimal.

thermal range which we are interested in, none of the three
formulas agrees with the experimental data of Héf.
Therefore to evaluate the pressure variation of orientational
relaxation in the range of interest, we have first revisited the In the fit of the transverse Brillouin lines, the ratig/ 7
extrapolation of the data. The method used here is the folis kept constant4gz/7,=10). Examples of the experimental
lowing: b, the shift of Ty with pressure, is taken from Ref. spectra and fits are given in Figs. 3 and 4, respectively, at
[12]. As seen in Table I, this shift is also very close to theconstant temperature and variable pressure and at constant
value given in Ref.[11]. Then the ratio B+ aP)/(T, pressure and variable temperature. In Figa) &nd 9b), the
+bP)=D was taken to be independent Bf optimizing  pressure variation of the infinite frequency shear modulus at
simultaneously the thermal variation of the relaxation time atoom temperature and variable pressure, and at variable tem-
0.1 and 100 MPa given in Ref12], thus allowing to fixB  perature and variable pressure, are shown. Together with the

Vogel-Fulcher law under the form

B B+ aP

B. Analysis of the transverse Brillouin lines

TABLE |. Parameters of Eq14). In Eq. (14), 7o(P)= 1o+ 7, P+ 7, P2.

To b B o Ty T1 T
Ref. (K) (KMPa™} (K) (KMPa™} 9 (sMPa?l) (sMPa?
[12] 219 0.2 921 0.56 1810 12 0 0
[11] 170 0.19 3779 3.43 8910 % 0 0
[14] 191 0.29 2500 0.3 8910 %° 0 0
This work 221 0.2 1027 0.932 3.280 % 3.17x10°%®  4.21x10°'8
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FIG. 10. Static shear viscosityyg: comparison betweemyg 10 { -~ 280K !
=0.17yB8GS [7r, B, and G obtained from Eqgs(14)—(16)] and g [ -~ 290K K
direct measuremen{d5]. (l) 303, (®) 323, (A) 343 K; (V) 363 8 [ -4 300K
K; (0) 383 K. T 7f 3K /
% /' —e—320K /)
experimental points, a linear approximation of the tempera- 3 g [| —*— 330K P
ture and pressure variation of the shear modulus is also [| -~ - 340K A
given: 44 k4
3L
G..(T,P)=5.247x 10°+5x 10°P—1.505< 10'T (15) 2F
1EF
with P in megapascal and in kelvin. oL o c
From the values ofrg, G, , and B, viscosities can be -1 Hdl

M ] L i " 1 N 1 N ] M

computed. In Fig. 10, the values of the static shear viscosity 024 025 026 027 028 0.29
measured by Shug, King, and Bwmer [15] are compared F=pT1/4
with our analytical estimate for the viscosity. For the three
temperatures and pressures up to 300 MPa, the agreementFIG. 11. (a) Thermal variation of the rotational relaxation time
between our estimate and the experimental values is strikat different densities: from bottom to top=1.075, 1.085, 1.1,
ingly good. Let us notice that this includes temperature-1.115, 1.13, 1.15, and 1.1%) Density variation of the rotational
pressure regions where no Brillouin measurements were carelaxation time at different temperatures: from bottom to op,
ried out. Although at higher temperatures also studied by=260, 270, 280, 290, 300, 310, 320, 330, 340, 350, and 36@)K.
Shug, King, and Bbmer deviations are observed, our resultsVariation of the rotational relaxation tims; with pT_1/4 plotted at
validate the interpolation scheme proposed for the rotavariable pressure for different temperatures. Lines are obtained
tional relaxation time over a large range of pressure andfom the interpolation formulas.
temperature.

180 MPa that OTP behaves as a soft sphere system with a

C. Density versus temperature contribution to the relaxation repulsive potential ir ~*2. Such an hypothesis leafi#4] to
Most results in the literature give the variation of the re-& description of the supercooled liquids in term of a single

laxation time as a function of temperature and pressure. 1§ONtrol parameterl”=pT 4. Our interpolation formula
order to separate between the effects of density and the teidth coefficients given in Table | agree with theTeoresult:
perature effects, it is worthwhilel] to express the relaxation We show that indeed(p, T) can be plotted as a function of
times as a function of temperature and density. From Eqthis unique parameter(p,T)=7(I"). This could be attrib-
(14), Table | of this work and Eq(1), Table | of Ref.[10], uted to the fact that the intermolecular potential between the
we have extractefi39] the variation of the relaxation time OTP molecules is mostly dominated by van der Waals inter-
versus temperaturBat constant density and versus dengity actions. Under pressure, the part of the potential governing
at constant temperature in the region 250-340 K, 0.1-8the equilibrium properties is mainly the soft core part in
MPa. The variations are shown in Figs.(d1and 11b). At r12

the lowest temperaturd&ig. 11(a)], the variation of the re- From the results reported above, we can also attempt to
laxation time along the isotherms with the density is muchseparate temperature and density effects along an isobar. A
steeper in the case of OTP than what has been previouspertinent parameter allowing this discussion has been defined
observed in glycero[1]. Tolle et al. [13] deduced from an by Ferreret al. [1]. Together with the usual coefficient of
MCT analysis of inelastic incoherent neutron scattering exisobaric expansivityep, they define a coefficient of isoch-
periments at four temperatures and variable pressure up t@nic expansivitya,= —(1/p)(dp/dT), (i.e., expansivity at
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In the range where the approximation to the functien
=f(T,P) appears reasonable, density effects still contribute
about 40% to the viscosity46].

-
o
)

-
o
1

VI. CONCLUSION

In the present paper, we have studied the transverse
propagative Brillouin modes under variable temperature and
pressure. From a first analysis of the transverse modes at
ambient pressure, built on a singlerelaxation process for

0.0

) 103ap, 10'3(6|nr/8|np).r, -0 fo,
=3
&

7!

2 054 o the shear relaxation, we have extracted the shear relaxation
2 % I time and the infinite frequency shear modulus. The shear
a0l i : i ' relaxation times were found to be much smaller than the
250 300 350 400 orientational ones and to be too small with respect to the
Temperature (K) value anticipated for shear viscosity measurements. The fact

that shear relaxation time is too small is presumably related
FIG. 12. Thermal variaton of f@,, 1Cap, to a higher-frequency relaxation part in the relaxation func-
107%(dIn #d1n p)r, and of the ratida,/ap|, at constant pressures tion, Adding a power law to represent it allows us to recover
(P=0.1, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 MPmcreas-  the experimental shear viscosity provided that the shear re-
ing following the arrows laxation time is approximately one-tenth of the rotational
o ) o one. Turning to experiments at higher pressure and keeping
constant relaxation time), and write the relaxation time as a e same one-tenth ratio between the shear and the rotational

function of these coefficients: relaxation times, we found very good agreement with direct
2Ty T Jnr viscosity measurements performed under pressure. This al-
In g ) = _f ¢ dT( _> (—a,+ap). lows us to validate the pressure-temperature dependence of
(T) P=const (M dlnp T the rotational relaxation time that we have deduced from the

(16) comparison between different measurements of structural re-
) ) o ) laxation times at variable temperature and pressure. With the
In Fig. 12, the different contr|but|ons_to the integrand arépelp of the known equation of state for OTEQ], we find
shown. The first factor{In 7/dIn p)r varies much more rap- that rotational relaxation times are only a function Ibf
idly than the two terms in the second one, so that @@  — ,7-14 4 pehavior which could be linked with the pure
can be approximated by Lennard-Jones characteristics of the intermolecular potential
of OTP. Extension to other glass-forming liquids is required
T(Tg))%_mf”g)d.r«ﬂ” 7') (179 in order to check the degree of generality of the present
7(T) T TP T dlnp T’ result. Following the method of Ferret al, we have also
deduced from those results the temperature and density con-
where(— a,+ ap) is the mean value over the thermal range.!ributions to the variation of the relaxation time along an
The ratio|e,|/ ap between both coefficients measures theiSobar. We found that the temperature contribution is larger
relative contributions of the change of temperature at conthan the density one at low temperature, while it is the con-
stant density and the change of density at constant temperfry at higher temperature. However, both contributions are
ture to the change of the relaxation time. Wheen//ap always of the same order of magnitude in the whole range of
> 1, temperature contributions are larger than density contrit€mperature and pressure explored.
butions. In the case of glycerpl], this ratio was found to
vary from 17 to 24 for relaxation times varying from 1 to ACKNOWLEDGMENTS
1000 s and estimates of the ratio performed for several glass

formers n the neighborhood dfy gave similar results al- man Z. Cummins for useful discussions and comments. C.D.
though with smaller values. . and W.S. benefited by a CNRS/Max-Planck Gesellschaft
After some algebra, the ratie,/ap can be expressed as g4 reement between PMEMR 7602-CNRS and Universite
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ap (é’p) (aln T> ’ (18 APPENDIX
IT)p\ P J; Equation(10) represents a form ab <(w) appropriate to

the range of frequency~1-10 GH2 necessary to analyze
so that it can be easily computed from E@3), Table | of  the 90° depolarized spectra. Nevertheless, @d) makes
this work and Eq(1), Table | of Ref.[10]. use of thew—0 limit of ng(w) which diverges[see Eq.
The thermal variation ofa ./ ap| is shown in Fig. 12. We  (10)] because the coefficient characterizing the critical decay
see that down to 314 K, density contributions are dominantis smaller than unity.
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This result is simply a mathematical artifact linked to thewith a=0.33. This yields
approximation used when writing E¢L0). The critical de-
cay is the first step of the fast relaxation process and is rep-
resented in the time domain by a power 1aw;. This decay ns=BLGE T+ 7L 8 cosmal2+ ys. (A3a)
takes place for times much shorter than sheslaxation time,
7s. Conversely, ther relaxation process is characterized by a
stretched exponential decay, €xit/7)”] with 3<1. The
wrongw—0 limit of »® 1 is related to the too slow decay of
thet™2 function fort=r, which is an incorrect representa-
tion of ng(t) for longer times. This can be remedied
by expressing [45] the critical decay as 7g gilt)
~t~%exp(—t/7): 7sci(t) has the correct analytical form in temperature. o o
the region wherepg(t) is the critical decay and decays to Let us now turn_to the— o limit, i.e., to the contnbl_mon
zero much faster than the stretched exponential when thef the fast relaxation processes to the sound velocity when

latter dominates. The Laplace transformgf(t) is easily the transverse modes become propagative. In the vicinity of
found[45] to be proportional to the Brillouin peak, the frequency dependence of the imagi-

nary part ofw ns(w) may be written as

In our experiment, at 300 K and 0.1 MPg,~10 2 P and
gsré’z%l P while »s~10 P. Neglectingys and gs in Eq.
(11) is thus perfectly legitimate at 300 K; furthermore, the
ratio gers ¥/ npsx 7.2 will decrease with decreasing

i a—1
i w——) (A1)

|
Ts

_ a-1
and one can check that this expression is consistent with our wA=olawg "G5t 7s]. (A4)

use of Eq.(10). Indeed, the shortest values af used in the

present study are of the order of the nanosecond, so that the . L R
productwg 7 (Wherewg is the peak of the phonon part of the This means that, in the vicinity of the Brillouin peak, the
depolarized 90° spectrunis always much larger than unity. denominator of the second term of E§) may be written as

This means that

Ts

j\a-1 2p0\ 2 2 272
wns,crit(w)~w<w—l—) ~w? (A2) (m—iﬂ)—q—<G§ a ) (A5)

in the region we used it. The correct expressionsgfw) to

be used in thev—0 limit is thus . . . .
In our depolarized 90° experiments, the Brillouin peak is

NEGQ 1o 1\~ located in the vicinity of 4 GHz. Avd 'g~3x10°° P is
1s(w)= G 1+iwTs much smaller thary, andq?A?/4p,~1.2x 10° Pa, which is
. a1 a negligible with respect t@2>5x10° Pa. Thus thav— o
+i '_+w Jet Vs (A3) limit of wns(w) can be safely taken &, as implied in
Ts Eqg. (12).
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