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INTRODUCTION

The attenuation and the velocity of sound waves in glasses are an important subjects mainly because distinct and competing mechanisms are responsible for the behaviour observed over different temperature and frequency ranges [1][2][3][4]. In particular, the origin and the nature of low-energy excitations, which are responsible of anomalies in the acoustic properties of [START_REF] Hunklinger | Amorphous Solids[END_REF][START_REF] Pohl | [END_REF], is a central question in the physics of disordered solids. These excitations are usually accounted for by local motions of localized structural defects. The tunnelling model [7,8] associates these defect modes to single atoms or groups of atoms subjected to quantummechanical tunnelling between two different stable positions available in the glassy network and schematizes the locally mobile "particles" by asymmetric double-well potentials. A more recent extension of the tunnelling model [1,9] includes the case of a strong coupling between tunnelling two-level systems (TLS) and phonons and individuates three temperature regions where different mechanisms are regulating the motion within the two wells and the related acoustic properties: coherent tunnelling at low temperatures (T < 5 K), incoherent tunnelling at intermediate temperatures (5 K < T < 20 K) and thermally activated jumps over the potential barrier at higher temperatures (T >20 K). This theoretical approach covers both tunnelling and classical activation, leading to a coherent description of the acoustic behaviour of glasses over the wide range from very low to room temperature. It has been proved, in fact, that theoretical evaluation of the sound attenuation in the kHz range permits with acceptable agreement the reproduction of the behaviour observed in glassy prototypes, such as B 2 O 3 and GeO 2 [1]. In this manuscript, we report a study concerning the temperature dependence of the acoustic attenuation and sound velocity at MHz frequencies in glassy GeO 2 , in order to investigate the frequency dependence of the mechanisms governing the acoustic behaviour at low and high temperatures. Moreover the temperature dependence of the sound velocity was measured in a permanently compacted GeO 2 glass ( = 4.52 g/cm 3 ), in order to investigate the effects of densification on thermally activated relaxations. One of the most striking results is that the permanent densification of a glass markedly depresses the local mobility of structural defects.

EXPERIMENTAL DETAILS

Vitreous germania GeO 2 was prepared by melt-quenching and then the glass was annealed and stabilized at about 830 K (about 20 K below its calorimetric glass transition temperature T g ) in a high-purity nitrogen atmosphere in order to avoid undesired effects arising from thermal history on the observed acoustic behaviour and then cooled and stored at room temperature. Some cuts of the same sample were successfully densified by a multi-anvil HT&HP apparatus. They were compressed at 6 GPa and heated under pressure at 673 K for 2 minutes resulting in a mass density of 4.52 g/cm 3 . A typical raw sample had both diameter and a length of 6 mm Longitudinal sound waves were obtained by tuning X-cut quartz crystals at their fundamental frequency. The attenuation and velocity of longitudinal ultrasound were measured using an apparatus described elsewhere [10], based on the pulse-echo overlap technique and the correct echo overlap, for sound velocity measurement, was obtained by using the T McSkimin criterion [START_REF] Papadakis | Physical Acoustics[END_REF]. The sample-transducer bonding agent was N-Apiezon grease. A correction to take into account the bond was not carried out, but a rough evaluation of the corresponding error introduced in the velocity was less than 0.05%.

The thermal scanning between 1.5 and 300 K was carried out by using a standard liquid helium cryostat in the range between 1.5 and 20 K and a cryogenerator above 10 K. The thermostatic control was better than 0.1 K in the whole temperature range. The density was measured at room temperature by a Micrometrics Accupyc 1300 gas pycnometer under helium gas, having an accuracy of 0.03% higher temperatures as the ultrasonic driving frequency is increased. These observations imply that, in the temperature range above about 20 K, the acoustic behaviour is governed by thermally activated relaxations of structural defects, characterized by a distribution of relaxation times as a consequence of the inherent randomness of the glassy topology.

RESULTS AND DISCUSSION

Acoustic attenuation

The low-temperature plateau of internal friction, whose onset shifts to higher temperatures with increasing frequency (see figure 1b), has been explained in terms of phonon-assisted tunnelling of two level systems (TLS) and is directly related to the tunnelling strength C i [1,[START_REF] Jackle | [END_REF]:
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Here V i is the ultrasonic wave velocity, i the deformation potential that expresses the coupling between the ultrasonic stress and the system, P the TLS spectral density, the sample density and the index i refers to the different polarizations (l stands for longitudinal and t for transverse). A background of ultrasonic loss, which is temperature independent but frequency dependent, has been discarded using the procedure described in detail in Ref. 13.

The calculated value of the tunnelling strength C l is 4.17 × 10 -4 . This value is very close to that ) obtained in a previous study, carried out in the MHz interval and at temperatures below 10 K [14], but slightly higher than the value determined at kHz frequencies (C=2.38 × 10 -4 ) [1]. At variance with the theoretical expectation of the tunnelling model provided by Eq.

(1), this result emphasizes that the internal-friction plateau results to be slightly frequency dependent, as already observed for glassy SiO 2 and polymethylmethacrylate (PMMA) [15].

Above the region of the plateau, the internal friction exhibits a maximum associated to thermally activated relaxations of structural defects over the potential barriers (in a schematic representation of the defects by double-well potentials). A contribution to the increase of Q -1 between about 8 and 20 K, i.e. the region between the plateau and the loss peak, can arise from incoherent tunnelling effects within the two wells as a consequence of increasing thermal motion which prevents the phase coherence of the TLS tunnelling motion [1]. Limiting the present analysis to the temperature region above 20 K where only the relaxation process is dominant, the loss peak can be described by the asymmetric double-well potential (ADWP) model, following the procedure described by Gilroy and Phillips [14]. Barrier heights V varied randomly over the defect sites with Gaussian distribution, ( )
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and asymmetries having a constant spectral density, f( )=f 0 , have been used. In the GP framework, the relaxation time of the process has been approximated by the usual Arrhenius law,

T k V B e / 0 =
, where V is the activation energy of the process and 0 the characteristic time, related to the vibrational frequency of the relaxing defect in a single well. It results the following expression which accounts for the temperature dependence of the acoustic loss [16]:
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is the relaxation strength. By numerical evaluation of the experimental data, the following values of the relaxation parameters have been obtained: C* = 3.73 × 10 -2 , V 0 /k B = 1157 K, V m = 1245 K and 1 o =2.65 × 10 13 s -1 . A typical fit of the relaxation loss, reproducing quite well the shape of the experimental results, is shown by a solid line in Fig. 1b. It is worth emphasizing that, as already observed in borate glasses [17,18], the relaxation strength C* is more than one order of magnitude larger than the tunnelling strength C; this large difference being associated with a parallel difference between f o and P . Assuming that decreasing temperature transforms the mechanisms of local mobility of the same defect states 

Sound velocity

In figure 2a, the velocity of 10 MHz longitudinal sound waves is shown as a function of temperature for normal GeO 2 glass. Between 1.5 and 240 K the velocity decreases with increasing temperature exhibiting a slope continuously changing for temperatures varying between about 10 K and 220 K. between 20 and 220 K and the broad peak observed in the acoustic loss and (iii) a poorly investigated mechanism regulating the positive temperature coefficient observed at even higher temperatures and ascribed to elastic microscopic inhomogeneities [2]. Since the limited temperature interval explored below 20 K prevents any significant evaluation of processes governing the region (i), a quantitative analysis has been carried out for the temperature region above 20 K. It is worth noting that, in addition to the relaxation process, the vibrational anharmonicity is also expected to contribute significantly to the variation of longitudinal sound velocity V l between 20 and 300 K. In the above temperature interval the fractional variation of the sound velocity due to the relaxation process can be expressed by the following relation [16]:
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where V l = V l (T)-V l,0 and V l,0 is the sound velocity at the lowest temperature in the experiment.

Using the parameters obtained by the numerical evaluation of the relaxation loss in equation ( 3) the relaxation contribution to the sound velocity has been evaluated giving the curve shown by a solid line in figure 2b. Subtraction of this contribution to the experimental data of sound velocity leads to the behaviour shown as a dashed line in the same figure 2b. It appears clearly that in addition to the slight monotonic decrease of the sound velocity regulated by the vibrational anharmonicity up to about 100 K, there is sudden increase for higher temperatures.

This observation shows that the anomalous hardening starts to operate above about 100 K becoming dominant for higher temperatures. It leads to the positive temperature coefficient of the sound velocity observed for T>280 K, in clear contrast with the linear decrease of the elastic constants provided by the vibrational anharmonicity [19,20].

In figure 3 we have plotted the relative change of sound velocity as a function of temperature of GeO 2 densified at 6 GPa in comparison with the experimental data on normal germania glass. The temperature dependences of 0 , l l V V are very close for both the glasses over the range between 1.5 K and 75 K becoming quite different for higher temperatures, where the curve relative to the compacted glass exhibits a significantly smaller slope. Since the behaviour of the sound velocity in glasses below about 20 K is mainly regulated by tunnelling 
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 1 Figure1areports the attenuation of ultrasonic waves of frequencies in the range from 10 MHz to 50 MHz as a function of temperature between 1.5 and 300 K in glassy GeO 2 . A more useful comparison of the acoustic loss obtained over an extended interval of frequencies is obtained by transforming the attenuation into the internal friction Q -1 (= 0.23 db V/ , where db is the attenuation in db/cm, V the sound velocity and the angular frequency). The temperature behaviour of Q -1 at 10 and 50 MHz is reported in figure1b. With increasing temperature the attenuation rises until it reaches a plateau which extends up to about 10 K. At higher temperatures, the attenuation increases up towards a broad peak, whose maximum shifts to
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  to tunnelling, this evidence seems to indicate that only a fraction of the relaxing particles are involved in tunnelling local motions.

Figure 2 .

 2 Figure 2. (a) Temperature dependence of the velocity V(T) of 10 MHz longitudinal sound waves in GeO 2 glass. (b) Comparison between the temperature dependence of the experimental fractional sound velocity (V-V 0 )/V 0 ( ) of 10 MHz longitudinal ultrasound in GeO 2 glass and the relaxation contribution evaluated using Eq. (3) (solid line). The curve reported as dashed line represents the behaviour obtained by subtracting the relaxation contribution from the experimental data of fractional sound velocity.
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 3 Figure 3. Comparison between the temperature dependence of the fractional sound velocities of 10 MHz longitudinal ultrasound in normal ( ) and permanently densified (+) GeO 2 glass.
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 2 Figure 2. (a) Temperature dependence of the velocity V(T) of 10 MHz longitudinal sound waves in GeO 2 glass. (b) Comparison between the temperature dependence of the experimental fractional sound velocity V-V 0 /V 0 ( ) of 10 MHz longitudinal ultrasound in GeO 2 glass and the relaxation contribution evaluated using Eq. (3) (solid line). The curve reported as dashed line represents the behaviour obtained by subtracting the relaxation contribution from the experimental data of fractional sound velocity.
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 3 Figure 3. Comparison between the temperature dependence of the fractional sound velocities of 10 MHz longitudinal ultrasound in normal ( ) and permanently densified (+) GeO 2 glass.
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