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Introduction

An interesting open question in the physics of disordered systems is whether there exists a connection between the high-frequency elastic properties of glasses and the viscous properties of the corresponding deeply undercooled melts above the glass transition temperature, T g . The latter ones are commonly considered to be efficiently grasped by the fragility, which in its kinetic definition is a number that quantifies how fast the structural relaxation time, or the shear viscosity, increases with decreasing temperature on approaching T g [1].

For example, some years ago Scopigno et al. proposed a correlation between the kinetic fragility, m, and a parameter α that describes the temperature dependence of the long-wavelength limit of the non-ergodicity factor in the glassy phase [2]. Within the harmonic approximation, α only depends on the vibrational properties of the system in its inherent structure. Specifically, α was suggested to be directly proportional to the kinetic fragility, thus establishing a direct link between the vibrational properties of glasses and the fragility of the corresponding melts. After this work, a few glasses that do not follow the proposed linear relation have been identified [3]; however, the basic idea of a correlation between elastic properties and fragility remains at least qualitatively valid [3][4][5], even though none of the proposed correlations seems to hold for all glasses at a quantitative level.

This article reports Brillouin light scattering (BLS) measurements on sorbitol. This system is a very fragile glass-former that is however characterized by the presence of hydrogen bonds. Its high fragility (m∼ 100 [6]), typically only found in polymeric systems, makes sorbitol an excellent molecular candidate to test the validity of the proposed correlations between the fragility and the elastic behavior of glasses.

Experimental details

Sorbitol (C 6 H 14 O 6 , T g = 266 K, melting temperature T m = 368 K [7]) of ≥ 99% purity was purchased from Sigma-Aldrich Chemicals and kept for two days under vacuum at about 383 K to obtain an homogeneous and well transparent liquid, free from any gas content. Two samples were prepared. The first one was obtained from a liquid sorbitol film of about 80 µm placed into a container with an optically polished silicon plate on the bottom and closed with a quartz window on the top. The sample glass was prepared by quenching the liquid film in mixed ice and salt (T∼ 255 K). The whole sample preparation was performed in a nitrogen atmosphere to avoid contamination with water. The second glass sample was prepared as the first one but using this time as holder a glass tube with an inner diameter of 2 mm and an outer diameter of 6 mm. The experiment was performed using the beam of a diode pumped solid state laser operating on a single mode of the 532 nm line and vertically polarized. The light scattered from the sample in the horizontal plane was analysed by means of a Sandercock type (3+3)-pass tandem Fabry-Perot interferometer, with a typical contrast higher than 10 9 and a finesse of ∼ 100. The width of the instrumental function and the free spectral range can be modified by changing the distance between the mirrors in the interferometer. Brillouin spectra were collected in the temperature range 20-294 K, and a Cryomech ST405 cryostat was used to regulate the temperature. The measurements were taken both on cooling and on heating the sample, without any polarization analyser (VU configuration). A first set of measurements was performed using the sorbitol film as sample and using a distance of d = 5 mm between the mirrors in the interferometer in order to obtain a good luminosity while keeping the instrumental resolution to a still reasonably good level (≈380 MHz FWHM). The choice of the experimental setup was determined by the interest to measure the momentum transferred in the scattering process. In fact the exchanged momentum q is given by q = (4πn/λ) sin(θ/2), where θ is the scattering angle, λ the incident wavelength of the laser source and n the refractive index of the sample. However, to the best of our knowledge no published data of the refractive index of glassy sorbitol are available. We then chose a configuration that allowed us to measure q as well. In fact, as shown in the inset of Figure 1, putting the sample at 45 • with respect to the incident beam and measuring the backscattered radiation it is possible to simultaneously probe two scattering geometries [8]: (i) the backscattering geometry itself, with transferred momentum q back =| k f -k i |= 4πn/λ, and (ii) the 90 • scattering angle geometry, allowed by the fact that the beam reflected by the mirror behind the sample acts as a second incident beam with wavenumber k i , and in this case the exchanged momentum is

q 90 • =| k f -k i |= 4π/(λ √ 2
). An example of a spectrum obtained with this configuration is shown in Figure 1. If we assume that no dispersion in the sound velocity takes place between the two probed q values, the ratio of the Brillouin frequency positions ν of the two Stokes or anti-Stokes peaks directly gives the refractive index:

n = ν back ν 90 • √ 2 2 . ( 1 
)
This scattering configuration was used in the temperature range 150-294 K to obtain the refractive index of glassy sorbitol. At temperatures lower than about 150 K, the sample cracked, thus leading to a large increase in the stray light that made the measurements of the refractive index impossible. A second set of measurements was then performed in the 20-294 K temperature range using only the standard backscattering configuration on both the prepared samples, in order to measure accurately the position and the width of the Brillouin peaks. In this case a distance of d = 17 mm between the mirrors in the interferometer was employed to obtain an instrumental resolution of ≈140 MHz. For each temperature various measurements were taken on both heating and cooling the sample to check the reproducibility of the data. No differences were found neither among the different sets of data nor between the two samples.

Results and discussion

From the first set of measurements we obtained for the refractive index n the value 1.52±0.01, basically constant in the 150-294 K temperature range. In order to evaluate the temperature dependence of n down to the lowest temperatures investigated in the second set of measurements, we estimated n using the Clausius-Mossotti relation together with density data estrapolated from those reported in Ref. [9].

Figure 2 shows some examples of BLS spectra of sorbitol collected in the backscattering geometry (second set of measurements) for different temperatures above and below the glass transition temperature. For all spectra the Brillouin doublet corresponding to the longitudinal acoustic modes is shown. Two features To determine the frequency position Ω and the full width at half maximum Γ of the longitudinal acoustic modes, the spectra were fitted in a narrow frequency range around the Brillouin peak using a damped harmonic oscillator model function

I(Q, ω) = I 0 ΓΩ 2 (ω 2 -Ω 2 ) 2 + (Γω) 2 (2) 
convoluted to the instrumental resolution. The values of Ω and Γ obtained by this fitting procedure are reported in Figure 3. There is a clear change of slope in the temperature dependence of the Brillouin peak position that comes together with a rapid increase of the linewidth when crossing T g . Such features are typically found in glass-formers; in particular, the second one is due to the structural relaxation entering, above T g , the frequency window explored by BLS.

From the linear behavior of Ω close to T g (both in the glass and in the undercooled liquid) we estimated the Grüneisen parameter γ G through the relation [10]

: γ = -(∂ ln(Ω)/∂ ln(V )) = -(1/α P )(∂ ln(Ω)/∂T )| V ,
where V is the volume and α P the isobaric thermal expansion coefficient that we derived from the available PVT data [9]. This Grüneisen parameter reflects the role of anharmonicity on the acoustic excitations, and comes out to be equal to 3.6±1.1 in the glass and to 4.7±0.3 in the liquid phase. It is interesting to observe that these two values are basically compatible within errorbars, thus indicating that in good approximation the change of slope observed in the temperature dependence of the Brillouin frequency in In the simple Akhiezer model of anharmonicity the Grüneisen parameter enters in the description of the linewidth of the longitudinal acoustic waves through the relation:

Γ = γ 2 G c V T v 2v 3 D Ω 2 τ th (3)
where c V is the constant volume specific heat, v the longitudinal sound velocity, v D the Debye velocity and τ th an average relaxation time [11,12]. The thermodynamic quantities present in this equation have been taken from Refs. [9,13], while the Debye sound velocity has been calculated by estimating the transverse sound velocity as explained later in the text. Eq. 3 can be used to calculate the relaxation time τ th which turns out to be almost temperature independent in the glassy phase with an average value of τ th = 0.09 ps. This value is similar to that estimated in other systems such as OTP and SiO 2 [11,14].

The frequency position and the linewidth of the Brillouin peaks can be used to obtain the real part (M ) and imaginary part (M ) of the longitudinal elastic modulus M , through the relations M (Ω) = Ω 2 ρ/q 2 and M (Ω) = ΓΩρ/q 2 , where ρ is the density. Alternatively, the same information can be reported in terms of the sound velocity v l = M /ρ = Ω/q and of the mean free path l = v l /Γ of the longitudinal acoustic excitations, as shown in figure 4 (a) and (b), respectively. In the glassy phase the longitudinal sound velocity reaches values higher than ∼ 4000 m/s that are quite exceptional for a fragile system such as sorbitol. We can estimate as well the transverse sound velocity v t = G /ρ, where G is the shear modulus. In general in a glass G is given by G = 3 4 [M -B ] where B is the real part of the bulk modulus. The bulk modulus, in turn, can be calculated from the available PVT and calorimetric literature data [9,13], being B = γ/χ T ∞ , where χ T ∞ is the high-frequency isothermal compressibility and γ = c P /c V is the constant pressure to constant volume specific heat ratio. From these relations we calculate a transverse sound velocity of 2300 m/s at T g . We have thus available the information on the two independent elastic moduli of the sorbitol glass.

The knowledge of the elastic moduli of glassy sorbitol can be used to test some of the proposed correlations between elastic properties of glasses and fragility. For example, Novikov and coworkers found that the weaker a glass resists to shear stress in comparison to the bulk one (higher B /G ratio), the more fragile is the behavior of the corresponding melt [3,4]. This correlation is quantified by the relation m = 29(B /G -0.41) [3,4]. In the case of glassy sorbitol B /G = 1.73, which would lead to m = 38 according to the previous relation. This value is in clear disagreement with the one obtained using dielectric measurements in the supercooled liquid (m ∼ 100) [6]. The existence of systems showing strong deviations from the previously recalled simple linear relation was underlined already in Refs. [3,4], such for instance polystyrene. Novikov and coworkers suggested that the systems showing such deviations might be those who show differences between the kinetic and the thermodynamic fragility [15] . In fact, in the case of polystyrene the correlation between the elastic moduli and fragility seems to be recovered once the thermodynamic fragility is considered [3,4]. However, this explanation does not seem to hold for the case of glassy sorbitol where the two fragilities were found to be very similar [6]. In other words, sorbitol really seems to be a peculiar system: from the elasticity point of view it shows a behavior similar to that of strong glasses, while it presents at the same time features of fragile systems, i.e. the strong departure of the structural relaxation time from the Arrhenius behavior above T g .

Following Buchenau and Wischnewski [5] we can introduce a vibrational compressibility χ v = 1/M and we can estimate the ratio α χ between the vibrational and relaxational compressibility:

α χ (T g ) = χ v (T g ) χ T (T g ) -χ v (T g ) (4) 
where χ T is the isothermal compressibility measured in the liquid phase close to T g . As far as the harmonic approximation holds to calculate the non-ergodicity factor up to T g , this ratio coincides with the α parameter introduced by Scopigno et al. [2] and which was proposed to be simply proportional to the kinetic fragility through the relation m = 135α. In the present case, we find α χ = 0.367, whichgiven the known fragility of sorbitol -is a value too low to fulfill the proposed linear relation. However, as previously mentioned, the reason of the discrepancy might well lie in the fact that the harmonic approximation does not hold to describe the temperature dependence of the non-ergodicity factor of glassy sorbitol up to T g . In any event, it is of some interest to add the α χ vs. m data of sorbitol to the compilation reported in Ref. [5], as shown in Fig. 5. The point corresponding to sorbitol agrees with the general trend shown by Buchenau et al., suggesting that while a general correlation between α and m seems to hold, the data of α χ flatten out to become basically fragility independent for systems with high fragility. 

Conclusions

Brillouin light scattering measurements of the fragile glass-former sorbitol have been here presented. The data have been collected in the backscattering geometry over a wide temperature range in the glassy and supercooled liquid phase. The temperature dependence of the sound velocity and of the damping of the longitudinal acoustic excitations has been reported and discussed. The joint analysis of the present data and of PVT data available in the literature [9] has allowed us to derive the values of the two independent elastic moduli of the sorbitol glass. We show that the ratio of the bulk to shear modulus in sorbitol doesn't follow the linear dependence on the fragility found for several glasses by Novikov et al. [4]. In fact, for glassy sorbitol B /G = 1.73, a value similar to that usually found in stronger systems such as B 2 O 3 (B /G = 1.95). Conversely, the ratio between vibrational and relaxational compressibility at the glass transition temperature is close to that of other fragile and very fragile systems. This compressibility ratio seems in fact to be correlated to the fragility though it becomes basically fragility independent for very fragile glasses. 
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Figure 1 .

 1 Figure 1. Brillouin light scattering spectrum of glassy sorbitol at T=281 K. The elastic line, that can be considered to a good approximation as the instrumental function, is here presented on a y-scale different from that of the inelastic signal. Two Brillouin doublets are present, corresponding to the two different scattering angles θ probed at the same time as schematically shown in the inset. The incident and scattered beams are represented by the arrows k i and k f for θ=180 • , and by k i and k f for θ=90 • .

  immediately evident: the rapid decrease of the width of the Brillouin peaks and the clear shift of their position toward higher frequencies on decreasing the temperature.

Figure 2 .

 2 Figure 2. Brillouin light scattering spectra of sorbitol at the indicated temperatures collected in the backscattering configuration.

Fig. 3

 3 Fig. 3 directly reflects the corresponding change in the slope of the temperature dependence of the density.

Figure 3 .

 3 Figure 3. Temperature dependence of the frequency shift Ω (top panel) and of the linewidth Γ (bottom panel) of the longitudinal acoustic modes. The dashed line indicates Tg = 266 K.

Figure 4 .

 4 Figure 4. Temperature dependence of the sound velocity v l (a) and of the mean free path l (b) of the longitudinal acoustic modes. The dashed line indicates Tg = 266 K

Figure 5 .

 5 Figure 5. Correlation between the ratio αχ of vibrational to relaxational compressibility at Tg and the fragility m. The empty symbols are taken from Ref.[5], while the full circle corresponds to sorbitol. The dashed line is a guide for the eye.
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