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Brillouin light scattering from transverse and longitudinal acoustic waves in glycerol
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Brillouin light scattering experiments from transverse acoud#c) and longitudinal acoustid.A) waves in
glycerol have been performed in the temperature range between 170 and 229 K, including both the supercooled
and the glassy state of the system. The intensity of light scattered by TA modes is about four orders of
magnitude lower than that scattered by LA modes, giving an exceptionally low ratio of the photoelastic
constants,,/ P1,~0.01. The analysis of the frequency positions of Brillouin doublets gives a linear tempera-
ture behavior of both transverse and longitudinal elastic moduli for temperatures higher than that of the glass
transitionT,=187 K, a bend afy and a less pronounced variation bel@y A linear relation is also found
between shear and longitudinal moduli of glycerol with angular coefficient close to 3, suggesting a Cauchy-like
relation to hold around.

DOI: 10.1103/PhysRevB.70.054203 PACS nuni®er64.70.Pf, 62.65tk, 78.35+c, 62.60+Vv

I. INTRODUCTION The intensity of the light scattered from TA modes in BLS
experiments is strong in liquids of highly anisotropic mol-
The adiabatic propagation of longitudinal acougti®)  ecules, where the rotational dynamics provides an effective
waves in liquids is described, in the hydrodynamic regimechannel for depolarized scatterin§ The scattered intensity
by two limiting elastic moduli, the relaxed elastic modulus is much lower in systems with low molecular anisotropy and
Mg and the unrelaxed moduldd... The first gives the adia- where the contributions from different scattering mecha-
batic sound velocity in the equilibrated sample at low fre-nisms add out of phase. This is possibly the case of glycerol.
quencyco=(M/ p)Y'2. The second gives the glass like veloc- Indeed, despite the wide interest for the viscoelastic charac-
ity of sound in the high frequency limit when the period of terization of this prototypical glass former, no evidence has
the wave is smaller than the time required by the structure tbeen reported till now of light scattered from shear waves in
equilibrate under an external perturbatigstructural relax-  glycerol. The lack of information on the temperature evolu-
ation time 7,). Conversely, the propagation of transversetion of G, has been covered so far by different extrapolation
acoustic(TA) waves is described by a single limiting elastic schemes applied to the low frequency data obtained by ultra-
constaniG,. since transverse waves does not propagate in thsonic technique4?®
low frequency limit, i.e.,Gy=0. When decreasing the tem-  In this paper we report the results of a Brillouin light
perature, the progressive cessation of viscous flow is drivescattering investigation of transverse and longitudinal acous-
by the slowdown of the structural relaxation time, whichtic modes in supercooled and glassy glycerol. The tempera-
passes from picoseconds to hundreds of seconds when th&e behavior of the unrelaxed shear and longitudinal modu-
glass transition is approached from abévEhe glass transi- lus obtained by Brillouin spectra is discussed and the validity
tion temperaturd’ itself can be defined as the temperatureof a Cauchy-like relation between the moduli is tested.
corresponding ta,=100 s. Transverse acous{itA) waves  Moreover, the ratio of the intensity of Brillouin peaks rela-
can eventually propagate in a liquid, provided that their fre-tive to longitudinal and transverse modes is estimated, giving
guency is comparable to, or higher than, the reciprocal of théhe ratio of the photoelastic constamg,/ P;».
structural relaxation time. The relaxation time—or the distri-
bution of relaxation times—and the relaxed and unrelaxed
moduli are the parameters which govern the disper&ol
absorption of acoustic waves in a liquid, and their experi-  Glycerol of 99.5% purity purchased from Aldrich Chemi-
mental determination has always received a great deal afals was employed without further purification. The sample
attention(see, for instance, Ref.)2This attention has been was transferred directly into a cylindrical pyrex céthner
recently renewed by the experimental observation of the vadiameter 1 mm used for the measurements. The cell was
lidity of a Cauchy-like relation at the transition from the sealed in dry nitrogen environment. The sample was placed
liquid to the solid state of a curing epoxy resand of dif-  into a copper holder which was used to regulate the tempera-
ferent glass forming liquids. ture by means of Cryomech ST405 cryostat. A Coherent-
Brillouin light scattering(BLS) offers substantial advan- Innova 300 model Ar laser was operated with a typical
tages compared with ultrasonic techniques for the studyower of 300 mW as a single mode 514.5 nm light source.
of acoustic waves in liquids, since the frequenciesThe light scattered from the sample at an angfe90° was
involved (1-10 GH2 are higher than the ultrasonic ones analyzed by means of a Sandercock-type 3)-pass tandem
(=1-10 MH2 and unrelaxed values of bot! andG can  Fabry-Perot interferometer characterized by a finesse of
be measured up to temperatures significantly higher Tgan about 100 and a contrast ratio higher thad. 10npolarized
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FIG. 1. Typical unpolarized Brillouin spectrum of glycerol col- _9 300 F L
lected in a 90° scattering geometry. The spectrum shows a peak di&
to the scattering from longitudinal acousticA) modes at about 250 }
14 GHz. In the inset the small peak due to the scattering fron
transverse acousti@A) modes at about 7 GHz. [
200 .
(VU) and depolarize@VvH) spectra were collected above and [
below the glass transition temperatdig=187 K. The peaks 150 T
relative to transverse acoustic modes were detectable in tt T T T T T
temperature region from 170 to 229 K. At higher tempera- 2 4 6 8 10 12 14
tures, the transverse modes drown into the quasielastic pe:
of the longitudinal modes, whose intensity increases by in Frequency (G HZ)

creasing the temperature, while at lower temperatures the
optical quality of the sample quickly degrades due to rising F|G. 2. Depolarized spectra of glycerol at three different tem-

unrelaxed internal stresses. peratures. The typical accumulation time for each spectrum is about
12 h.
IIl. RESULTS AND DISCUSSION
The unpolarized spectrum in Fig. 1 shows a strong ane- _ wg(LA)p
lastic peak due to the scattering from LA modes at about M. = @ )

14 GHz and a second weaker peak at about 7 GHz due to the

light scattered from TA modes. Only the peak at 7 GHz sur- ) o )

vives in depolarized spectt&ig. 2) demonstrating the trans- The mass density for the liquid phase(T>T,) is taken

verse nature of the mode. Since the depolarized conditioffom Ref. 9,p(T)=1.2723-6.55% 10(T-273.2, with p in

improves the signal to noise ratio, this configuration is used/cm’ andT in K. For temperature$ < Tg, we use the ther-

to investigate the temperature evolution of the frequency ofmal expansion coefficient of the glass at 180dqss=2.4

TA modes. X 104 K™t from Ref. 2 and the valup(Ty)=1.3288 g/cm
The characteristic frequenay, and linewidthI" of longi- The exchanged wave numberis related to the wave

tudinal and transverse acoustic waves are obtained by fittingumber K; of the incident light through the relationship

the Brillouin peaks with the damped harmonic oscillatorq=2nK;sin 6/2, where the refractive index of the medium

(DHO) model function is estimated through the Clausius-Mossotti relationship using
) the known valuen=14754 at 300 K and 514.5 nti.The
I(q, ) = lo lwg 1) values ofM,, obtained through this procedure are shown in

7 (0? = 03)? + (Tw)? Fig. 3 in comparison with those previously reported in a

i ) ) , back-scattering investigation of glycerdl.

_convoluted with the mstrum_ental _functlon. In this _for_mlllJ)a We notice that Eq(2) rigorously holds in absence of re-
is the area of the peak, which will be used to gain informa-axation processes. This is a reasonable approximation in the
tion on the photoelastic properties of the sample. whole temperature range since we have shown in a previous
investigatioA® that (i) the structural relaxation is the only
process to considerably affect density fluctuations of glycerol

The unrelaxed longitudinal modulus is obtained from thein the GHz frequency region ard) the structural relaxation
frequency position of longitudinal modesy(LA) through  time is longer than Jus in this T range, so that it has a
the relationship negligible infuence on the velocity of sound at high fre-

A. Elastic properties of glycerol
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FIG. 3. Longitudinal and shear elastic moduli of glycerol from  FIG. 4. Temperature dependence of the shear modulus of glyc-
this work (open symbolsand from a previous investigatioffull erol. Full circles are from this work, full squares are from Refs. 6
circles. and 7. The solid line abovéy is the linear fit of the modulus

G..(T)=(7.8+0.4 X 10°-(1.77+0.20 X 10'T, where G, is in Pa
guency. To quantify this influence we can say that the valuendT is in K. The dashed line is a fit of our data according to the
of the modulus aT=210 K evaluated by means of E@) is  empirical model of Refs. 11 and 12, where a linear dependence of
(1.59+0.02x 10 Pa, while the unrelaxed longitudinal G is proposed. The solid line beloW, is a guide for the eye.
modulus obtained through a full viscoelastic analysis of Bril-Inset: Temperature dependence of static shear viscosity. Diamonds

louin spectra in Ref. 11 i61.60+0.02 X 10 Pa. represent calculated shear viscosity using the relationspyp

The temperature evolution of the unrelaxed shear modu= G="{7(@)), where the values o6, are from present work and

lus G,, is obtained fromwo(TA) through the same procedure (7(a)) data are frc_Jm R_ef. 16. Open circles and crosses represent
adopted for LA modes and the results are shown in Figs. gneasured shear viscosity from Ref. 15.

and 4 and reported in Table I. Figure 4 also shows a comparameters for glycerol given in Ref. 13. It is apparent from
parison between our data and literature data, which werghe figure that this model fails in describing the temperature
obtained by an extrapolation of ultrasonic measurementsehavior of the unrelaxed shear modulus of glycerol ob-
(full squares, from Refs. 7 and).8The gap of about 4% tained in our experiment.

between the temperature behavior@f obtained from our The values ofG,, here obtained can be used to estimate
measurements and that obtained from ultrasonic data miglthe shear viscosity;s through the well-known Maxwell re-

be ascribed both to different degrees of purity of the samplekationship 7s=G..*(7(a))1a, to be compared with experi-
and to different data analysis procedures. In fact, the watemental values of static shear viscosity. The inset of Fig. 4
content in our sample was less than 0.5%, while it was abouthows static shear viscosity data taken from Ref. 15 and
0.8% in the sample used in Ref. 6. Moreover, Brillouin spec-values obtained through the Maxwell equation, using
tra directly access the high frequency limit of the relaxing(r(«a))ps data measured by dielectric spectrosctithe only
modulus, i.e.G.., in the whole temperature range, while in set of structural relaxation times available in the temperature
the ultrasonic investigation its value was calculated by aregion here investigated. The approximatida(a))ra
extrapolation of the relaxation curve at the single temperax= (7 (q))ys here adopted is established upon the merely phe-
ture T=233 K, and assuming fo&..(T) the same tempera- omenological evidence that the time scale of different ob-
ture dependence as for the longitudinal moduMs(T).  servables tends to collapse when approaching the glass
Both the higher purity of the sample and the absence ofyansitionl”

extrapolations in our procedure plays in favor of the reliabil-  The good agreement among the different series of data is
ity of BLS results. Nonetheless, looking at Fig. 2 it is to be eyident in the inset of Fig. 4. We notice that this procedure
noticed that, apart from the small gap, the temperature b&yas successfully performed in a previous BLS investigation
havior of our data is linear with a slope very close to that ofgf ZnCl,,18 a glass former which shares with glycerol an
the ultrasonic data. The linear fit @b..(T) yields G..(T)  4-relaxation-only scenari®. In that case Brillouin spectra
=(7.820.9 X 10°-(1.77£0.20 X 10'T where G.. is in Pa  were taken in the supercooled liquid, in a temperature region
andT in K. This behavior is reported as a full line in Fig. 4. where both longitudinal and shear relaxation times could be
It has to be noticed that the linear dependence here obtainegtimated and a clear consistence between viscosity and re-
for G..(T) is not in accordance with the linear behavior of the |axation data could be established.

shear compliancéG;?) suggested in Ref. 12 and tested in Finally, we notice that appreciable deviations from experi-
different glass formers in a narrow temperature region abovenental values ofpg are usually found in systems showing
Ty (Ref. 13 including extrapolated data of glycerdiThe  secondary relaxations or strong rototranslational cougfing.
dashed line in Fig. 4 is obtained from that model, using theEven if translation-rotation coupling in glycerol has never
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TABLE I. Temperature dependence of the shear modulus o7y 18.0 — T
lycerol. a -
hd S 175} -
T(K) G(GPa s’ i
v 17.0F .
169.7 4.65+0.03 5 L
174.7 4.58+0.04 8 165} .
179.7 4.62+0.04 E i
184.7 4.51+0.04 @ 16.0r 1
186.7 4.54+0.04 = 1551 ]
188.7 4.44+0.06 % | |
191.7 4.37+0.07 2 150} o -
192.7 4.54+0.03 £ - -
1937 4.30+0.15 T 36 a8 40 42 44 46 a8
195.7 4.22+0.04 _
197.7 4.98+0.04 Shear elastic modulus G_( GPa)
198.7 4.42:0.14 FIG. 5. Linear fit of the longitudinal elastic modulus vs. the
200.7 4.22+0.03 transverse elastic modulus of glycerol in the whole investigated
202.7 4.16+0.04 temperature range.
205.7 4.19+0.04
210.7 4.06+0.05 the nonlinear elastic properties of the isotropic state of mat-
215.7 3.96+0.05 ter. MGP’s can be measured by means of Brillouin spectros-
220.7 3.89+0.05 copy since they relate the temperature dependence of the
228.7 3.80+0.05 characteristic frequency of the acoustic modes toTae-

pendence of density through the relationship

dIn[v{(T THd(T)/dT
been investigated in depth up to now, the results of our Y1), p(T)] =~ N0} :p( gldv(D ],
analysis could be considered as an indication of weak cou- din[p(M)]  w(Tgldp(T)/dT]

pling effects in the system. wherei=1,4 is thepolarization of the modelongitudinal
Cauchy-like relation If atoms interacts through a central and transverse, respectivgly is the wave vectofit will be
potential, the Cauchy identity holds which, in an isotropic gmitted in the following for simplicity, v%(T) is the fre-

system, readsM:SG.ZO Molecular !iquids are frequently quency of the acoustic modg,is the temperature, anaT)
far from showing a central potential and Cauchy relat|oniS the mass density of the sample.

does not apply in its original version. Nevertheless, Zwanzig Using the short notatiork ,=2M (T)/(1+27|4,g) and
et al?! have calculated a generalized Cauchy relation, g _.i1g . Ig 9 =9

M., =3G.,+f(T,P) for isotropic liquids, which contains the E 4(2)_ );éldsh [each for liquid(l) and glassyg) phasek
additive termf(T,P) depending on both temperature and q- @y

(4)

pressure. More recently Yamuet al3 and Krigeret al* M.(Ty) K9AyL9,

found a Cauchy-like relation to hold across the glass transi- ML9 =K 9A Y9, + - G (5
; . ST : . G..(Tg) G..(Tg)

tion of different liquids, including curing epoxy systems

M. =A+BG 3) Equation(5) corresponds to Eq3), with A=k"9Ay|4’91 and
o < B:[Mw(Tg)/Gw(Tg)—k"gAy'ﬁl/Gm(Tg)]. The simultaneous
whereA is a system dependent constant which, at ambienvalidity of the linear relationship, expressed in K§), for
pressure, does not apreciably depend on temperaturB end the liquid and for the glassy state has already been tested in
found always close to 3. Remarkably, similarandB pa- different glass former§giving the same\ andB parameters
rameters have been found in both freezing and polymerizafor temperatures abovg; as well as belowl,.
tion experiments, showing a general behavior for the solid- In order to extend this analysis to the case of glycerol,
like amorphous state. given the poor statistics of the data in the glassy state, our
In order to verify the validity of Cauchy relation in glyc- calculations are performed in the supercooled regime obtain-
erol, the behavior of the unrelaxed elastic modi,. ing My(Tg=(17.1£0.2 GPa, G.(T,)=(4.53+0.08 GPa,
andG.., is compared with Eq(3). A linear law is fullfiled ~ y|=3.08+0.03, ,=4.12+0.25, andk'=(3.70+0.2) GPa.
within experimetal uncertainty, givind=(4.61+0.89 GPa  Accordingly, the coefficient& andB of Eq. (5), are calcu-
and B=(2.77+0.1) as best-fit parameters. Figure 5 showslated: A=(3.83+0.24 GPa andB=(2.93+0.17. Notice that
experimental data together with the fit curve. the values of botlA andB are in satisfactory agreement with
Kriiger et al# have also shown how the parameters A andthose obtained through E¢8) and that the value o8 close
B can be related to the acoustic mode Grlneisen parameteis 3 agrees with previous evaluations on organic and inor-
(MGP's) ; so that the Cauchy-like condition concerns alsoganic glass formers.
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TABLE Il. Absolute value of the ratio of the photoelastic con-  Our evaluations of Eq(7) for glycerol are reported in
stants of glycerol as obtained from Brillouin spectra using ®y. Table Il together the measured values|®Bf,/P;,. A large

and from the DID formula of Eq(7). deviation of about 0.2 is found between the prediction of the
DID model and the measured values of the photoelastic ratio.
T(K) |Paal Py P44/ P15 (DID) This suggests that also in case of glycerol the spherical po-
larizability approximation is not sufficient and the presence
188.7 0.011+0.002 0.203+0.002 of local effects can be hypothesized. To this respect the ab-
190.7 0.011+0.001 0.203+0.002 sence in glycerol of the strong bonds typical of Si@ol-
192.7 0.010+0.001 0.202+0.002 ecules could explain the better agreement of @gwith the
194.7 0.007+0.002 0.202+0.002 values ofP,,/ P1, measured in glycerol with respect to those

measured in silicate glasses.

IV. CONCLUSIONS

The task of revealing light scattered from transverse

The propagation of elastic waves in a continuous mediunycoustic modes of glycerol is particularly challenging and,
produces fluctuations in the strain tensor which induces flucup to now, inaccessible to experimentalists due to the very
tuations in the dielectric constant responsible for Brillouinlow Brillouin cross section of these modes. Our measure-
scattering processes. The dielectric constant can be expresseénts succeeded in achieving this task thanks to the appro-
as linear combination of strain tensor elemédtsie coeffi-  priate temperature range aroumg chosen to minimize the
cients of the combination being the photoelagtic elasto- damping and to get a good optical quality of the sample, and
optic or Pockelsconstant®;;. In isotropic systems there are thanks to the use of a high contrast Sandercock-type Fabry-
only two independent photoelastic constants and the ratio dferot interferometer.

B. Photoelastic properties of glycerol

these constants can be related to the intenigjtgnd the The microscopic origin of the very low cross section of
frequencywy, of the peaks in our unpolarizeU) experi- 1A modes in glycerol, which is responsible for the low ratio
ments through the relation P44/ P1,=0.01, is still unclear. This ratio is even lower than

that which can be expected by a pure dipole-induced-dipole
mechanism of scatterifg and deserves further theoretical
= . (6) investigation, possibly invoking bond polarizability effects.
lo(LA) w§(LA) From the analysis of the frequency position of Brillouin
peaks a linear behavior of the unrelaxed shear modulus was
The values obtained for the ratj®,4/ P45 at four different  recognized abov&,, rather unexpected when compared with
temperatures close 6, are reported in Table Il. The very the linear dependence of the unrelaxed compliance previ-
low intensity of the light scattered by TA modes is reflectedously documented in a number of glass forming syst&ms.
in the low value of|P,4/P;,]=0.01, almost temperature in- Moreover, a linear relation was found between shear and
dependent. longitudinal moduli of glycerol with an angular coefficient
A microscopic pure dipole-induced-dipo(®ID) model close to 3. This evidence, corroborated by a detailed analysis
was recently proposed for evaluating photoelastic constantsf the acoustic mode Griineisen parameters, plays in favor of
in disordered isotropic solids composed of units carryingthe generalized Cauchy-like relation for glycerol arodnd
spherical polarizability® That model predicts that the photo- An even more general validity of this relation could be in-
elastic constants are only determined by the dielectric conferred from the results of a systematic investigation of sili-
stante of the system cate glasse® where a ratigM/G) close to 3 was found. On
the other hand, it should be noticed that the valueslaind
G of ZnCl, reported in Ref. 18, seems to be not consistent
Pas 0.2 -1) with the Cauchy-like relationship. Thus, it re'sult_s that the
P.. = m (7 degree of universality of the Cau_chy-like relation is not well
12-DID ' understood up to now and constitutes a challenge for further
experimental investigations.
A comparison with photo-elastic constants measured in a
number of silicate glasses having a refractive index ranging
between 1.5 and 2 was also reportéd systematic differ- ACKNOWLEDGMENTS
ence of 0.40+£0.06 was found between theoretical and ex- We are grateful to M.A. Ramos for bringing to our atten-
perimental values of the photoelastic ratio attributed to postion Kruger's works on the Cauchy relation. This work was
sible “local” contributions, such as bond polarizability partially supported by INFM GenFDT advanced research
effects. project.
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