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Comparative measurements of Brillouin light scattering and ultrasounds in a wide class of silica aerogels and
xerogels show the existence of distinct mechanisms governing the temperature behaviors of the acoustic
attenuation in the different frequency ranges. In the MHz range the attenuation is mainly regulated by dynami-
cal mechanisms dug) to thermally activated local motions of structural defects typical of vitreous silica at low
temperatures andi) to relaxations of “extrinsic” defects at high temperatures, i.e., the hydroxyl groups
covering the inner surface of the pores in aerogels. In the MHz range, instead, the attenuation is dominated by
a temperature independent, or “static,” process due to the scattering of phonons by pores. By growing the
density of gels up to values close to that of dense vitreous silica, the acoustic attenuation shows a strongly
temperature dependent behavior. The sound velocity scales with the density of the system following a power
law, which is in good agreement with the predictions of a model describing silica gels in terms of a disordered
network of microrods or microplates. The same law also permits to account for the temperature dependence of
the sound velocity which reflects very closely the behavior observed in dense vitreousFsi@lly the
analysis of the low temperature specific h€at5—20 K reveals that, for densities larger than about
1000 kg m3, the vibrational dynamics of these porous systems tends to reproduce the one of vitrepus SiO
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[. INTRODUCTION ton9, supported by a network having a fractal mass distribu-
tion over distances smaller than a characteristic leggthe
It is well known that disordered solids exhibit properties size of the fractal clustgt* A well-defined phonon-fracton
in the low frequency vibrational dynamics which are notcrossover, whose frequency increases with increasing density
observed in their crystalline counterpatrtd. Among them, (or decreasing characteristic lengtfs exhibited in the den-
the specific heat of amorphous materials is much larger thagity of vibrational states determined by inelastic neutron and
the Debye value€,,* the thermal conductivity shows a pla- Raman scattering'® In the frequency region below the
teau between 5 and 20Kand the density of vibrational Phononfracton crossover corresponding to length scales
states,g(w), exhibits a broad excess band in the plot ofl@rger thané, the aerogels can be considered as a system

/2 referred to as Boson peaBP).5>” The nature of Supporting the propagation of e_lc_:oustip vibrations. Neverthe-
glw)/w pediP) . ss, also samples with densities higher than 500 Kg/m

these excess modes has been the object of different specu!s‘%ow unexpected proberties when compared to bulk glasses:
tions particularly in the case of vitreous silida-SiO,), P brop P 9 '

hich i idered th f | Al th i) the low temperature specific heat is not always an excess
which Is considered the prototype of strong glasses. All thesg, ot 1o the Debye valu@,, but can be much lower than
anomalies are usually ascribed to the nanometric length-sc :17.18 (i) the presence of strong quasielastic scattering in

and deal with the not yet completely understood vibrationathe |ow frequency region of the Raman and neutron
dynamics of amorphous materials and in particular with thespectral.g—zz In addition to this, the inelastic characteristics
nature and the attenuation mechanisms of vibrationadi.e_, the dissipation mechanisms of elastic engafyfractal
modes?*! The questions at issue are without doubt relevaniaind densified silica gels appear to be governed by the relax-
for the physics of disordered systems and a possible way tations of locally mobile particles. Acoustic measurements
have an insight on this problem is the study of porous sysearried out below 100 kHz in fractal silica aerogels in a re-
tems having a solid structure based on a connective baclstricted temperature rantfewere unable to establish if the
bone whose size can be reduced to a nanometric level. Fabserved relaxational contributions to the sound attenuation
this purpose, good candidate materials are silica aerogels amglise from the structurabulk) defects ofv-SiO,, from sur-
xerogels, highly porous solids whose density can be changefdce relaxors or eventually from adsorbed molecules within
in the wide range from about 100 to 2200 kg¥rive have the large surface of inner pores. Experiments of Brillouin
studied samples with densities in the range between 500 argpectroscopy performed in fractal and densified gels at room
2200 kg/nt, as a consequence of a controlled sintering protemperaturé2° revealed the presence of relaxations tenta-
cedure leading to modifications of their “texture” and of thetively ascribed to the organic groups covering the surface of
network connectivity>!® The sample density was always the silica backbone. Now, ultrasounds and hypersounds by
equal or greater than 500 kg#rto avoid the fractal phenom- Brillouin light scattering probe the relaxation processes im-
enology. In light silica aerogels having a density lower thanposing their length scales in the experiment. The relevant
500 kg/n¥, in fact, the dominant contribution to the vibra- length scalg(i.e., the size of the relaxing molecular groups
tional dynamics has been attributed to localized maffes-  involved) is clearly of local nature, implying that the probe is
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TABLE |. Density (p), index of refraction(n), average diameters of porék,) and solid rods(Ls)
diameters, the inner pores surfégand longitudinal sound velocityv,) in silica gels. The activation energies
of the low (E,¢y) and high(E,.») temperature relaxations, the Debye velocigyand the Debye specific heat
Cp/ T2 for some of the studied samples are also included.

Sample Aerogell Aerogel2 Xerogell Xerogel2 Xerogel3 Densified Aeroge8iO,
p(kg/m®) +10% 690 800 510 770 1380 2190 2200
n(A=514.5 nm 1.29 1.46
Lp(nm) 14 - 12.3 6.6 35

Ls(nm) 1 2.5 9 11 22

S(mzlg) 210 250 471 565 459

vi(m/s) 1870 2610 1254 2574 4064 5809 5983
vp(m/s) 1241 1732 2715 4028 4132
Cp/ T3(nd/gk4)2 91.1 28.9 4.35 0.84 0.77
Eact o/ (k3/mo)) 4.3 4.7
Eact AkJ/mo)) 15 17

aThe transverse sound velocities of silica gels have been evaluated by consigériF0.6, this value
representing an average of the ratios obtained in light aerg¢fyels Ref. 1§ and in some sol-gel glasses
(from Ref. 48.

sensitive to local motion within the system. The differentthe elastic modulus with the density. To our knowledge the
mobility expected for the bulk and surface relaxors shouldpresent study demonstrates for the first time that the density
lead to separate their relaxational contributions by an apprcand temperature variation of elasticity of silica aerogels and
priate temperature and frequency investigation also permitxerogels are provided by the power law, which has been
ting to characterize the underlying motions. Having this inpredicted by describing these systems in terms of a random
mind, we investigated silica porous systems on differennetwork of solid rods’-26
length scale using Brillouin light scattering and ultrasound The paper is organized as follows: In Sec. Il we describe
measurements in a wide interval of temperat{fe800 K.  the sample preparation and the experimental details. Section
Moreover, in order to monitor the influence of densificationlll contains the experimental results and the relative discus-
on the low energy vibrational dynamics and its relation withsion, which is divided in three parts: the first regards the
variations in the structural texture of the system, the lowBrillouin light scattering experiment, the second ultrasonic
temperature specific heats of silica gels with increasing denmeasurements, and the third the low temperature specific
sity have been determined. From the comparison between theeat. Basic conclusions are given in Sec. IV.
results of Brillouin light scattering and ultrasonic measure-
ments it has been found that the wavelength of the probe is a
fundamental parameter to identify the different origins of the
acoustic attenuation. Depending on the physical mechanisms
regulating the acoustic energy dissipation, the attenuation Alcogels were prepared by hydrolysis and polycondensa-
can be strongly temperature dependéhtnamig or tem-  tion reactions of tetramethoxysilane dissolved in meth&hol.
perature independexstatic). A set of xerogels with densities ranging between 500 and
Using ultrasound(A ~100 um), a dynamic attenuation 1700 kg/n? was synthesized by aging the alcogels at 200°C
behavior has been revealed even in the most porous sampl@, autoclave at a pressure of 4 MPa. The obtained xerogels
while a static of dynamic attenuation depending on the sizeRave surface areas covered by dangling béAdie porous
of pores is observed using Brillouin light scatterify  structure absorbs J® molecules, which can be bonded to
=5145 A). The static or dynamical origin of the attenuation the surface (hydrogen-bonded silangls or physically
is ascribed to the interplay between the mean pore sizes @fdsorbed’?°?8 To eliminate the most part of physical
the samples and the probe wavelength. Moreover, upowater’® the samples are heated at 600°C for 24 h. The pro-
samples with different degree of densification, the samearessive densification of silica gels was obtained by thermal
probe detect a static to dynamical transition. The ultrasoni¢reatment in air for 72 h at several temperatures higher than
attenuation data reveal two distinct relaxation processes, ori#0°C, reached with a heating rate of 0/ min. The heat-
at low temperatures due to the thermally activated motions oihg process favors the removal of the free silanol groups
bulk defects of vitreous SiQand the other at temperatures (dangling Si-OH bondsat pore surfaces causing cross-links
close to room temperature due to surface relaxing groups. lietween tetrahedra and reducing porosity. As reported in
has been also observed that the temperature dependenceTable |, the density of the samples increased frgm
the longitudinal sound velocity reflects very closely the be-=500 kg/n? up to p=2190 kg/ni. The latter sample, in the
havior obtained irnv-SiO,, the differences in the magnitude following named as densified aerogel, has been obtained by
of the velocity being regulated by the scaling properties ofan annealing temperature of 875°C.

Il. EXPERIMENTAL DETAILS

A. Samples preparation and characterization
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The aerogels were prepared by a two step process: the N o T= °
supercriticalgdrying necpes.fary to syynthesize a%rggels is fol- Aerogel1 p = 0.690 glem —ngm(
lowed by a sintering in the temperature range
1000-1100° CP After the supercritical drying at 300°C and
18 MPa for 3 h, aerogels have a macroscopic density
~300 kg/n?. By a sintering heat treatment, the macroscopic
density is almost 760 kg/#n Because of larger pore sizes,
the aerogel samples have a smaller specific surface area an
a smaller OH conteritt The maximum of the pore size dis-
tribution is measured by nitrogen adsorption-desorption -
experiment¥ and the specific surface are,is obtained by
BET analysis®® Some characteristics of aerogel and xerogel
samples used in the present experiments are included ir
Table I.
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B. Experimental set-up

Most of the Brillouin light scattering experiments are per- ~ FIG. 1. Brillouin light scattering spectra at 5 topen circles
formed in backscattering configuration with a tandem six-2nd 800 K(solid line) in aerogell. The comparison emphasizes the
pass Fabry-PérgFP) interferometer using different mirrors smal_l shn_‘t of the_ Br_llloum I_|ne and the inappreciable variation of
distances to have free spectral rangdsSR between the linewidthI" with increasing temperature.

37.5 GHz and 7.5 GHz. The resolution, obtained by the

width of the elastic peak, varies from-500 MHz to  sample holder on to which a sample of about 15-30 mg was
~100 MHz. A second high-resolution spectrometer consist®onded. The random error is apparent from the figures and
of a double-pass plane FP interferometer, used as a prefiltedly systematic errors are believed to be less than 3% —4%.
and a confocal FP, used as resolving uaitmore detailed To prevent undesirable effects of water moisture and ad-
description is given in Ref. 34 The free spectral range of sorbed gas, all the Brillouin light scattering, ultrasonic and
the plane interferometer is equal to 75 GHz and finesse tgalorimetric measurements were performed by keeping the
40; the frequency corresponding to the maximum transmisexperimental chamber under a high degree of vac(about

sion of the prefilter is matched with the frequency of the10™® mbay.
Brillouin line. The confocal FP, having a free spectral range

of 1.48 GHz, is calibrated to scan only around the Brillouin

peak; it has a finesse of 50, owing a total contrast-a0’.

The Brillouin shift, wg, is related to the sound velocity A. Light scattering experiments
and to the refractive inder of the studied material by the
following expression:

Ill. RESULTS AND DISCUSSION

Figure 1 reports, as an example, experimental Brillouin
light scattering spectra on silica aerogell, collected at 5 K
A7y, 9 and 800 K with the spectrometer having the highest resolu-
vn Slnz, (1) tion. As already evident from the raw data, the spectral

shapes are nearly identical showing that the acoustic attenu-
where vy, ¢, andd are the frequency of incident light, the ation is temperature independent. The weak shift shown in
light velocity and the scattering angle, respectively. By theFig. 1 is due to the temperature dependence of longitudinal
Brillouin linewidth, I", the acoustic attenuatiomy, and the sound velocity which reflects very closely that observed in
inverse mean free path! of hypersonic phonons can be v-SiO, as it will be shown in the following. The temperature
determined by the following expression: dependence from 5 to 800 K of Brillouin linewidih (half
a width at half maximumfor aerogell, xerogell, and the den-
a=1"=(4m)l. sified xerogel are compared to thoseve$iO, (Refs. 35-3Y
The accuracy of the experimental data for the Brillouin shiftin Fig. 2. The behaviors observed in both densified sol-gel
and line width is, respectively, 1% and +5%. and v-SiO, show strongly temperature dependent attenua-

The attenuation and the velocity of longitudinal wavestion. Inv-SiQ; it has been established that the sound attenu-
was measured using a conventional pulse-echo ultrasonf{ion is regulated by different dynamical mechanisms due to
technique the 15-30 MHz frequency range. The thermalwo-level systemsT<10 K) and to thermally activated re-
scanning between 5 and 400 K was carried out by using #xations of structural defectéT>10 K).%% At variance
standard liquid helium cryostat in the range between 5 an@€rogell and xerogell samples exhibit a temperature inde-
30 K and a cryogenerator between 15 and 400 K. The thependentl’(T) even at lowest temperatures and an attenuation
mostatic control was better than 0.1 K in the whole temperamuch higher than that of vitreous silica. The attenuation,
ture range. a, is a=7.3-16 (dbcnil) in aerogell and a

The specific heat was measured in the range between 1:57.0- 18 (db/cnl) in xerogell. These values are much
and 20 K using an automated calorimeter which operated biarger(one order of magnitugehan those measured at room
the thermal relaxation method, using a silicon chip as théemperature in vitreous silica and in densified xerqgbbut

5&)3 =
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[ FIG. 3. The elastic consta@;; as a function of the density of
L O aerogels and xerogels in a logarithmic plot. The solid line represents
a fit to the experimental data giving the scaling expongnt

=3.03+0.15(see text In the inset the sound velocity is reported as
a function of the density of aerogels, xerogels ardiO, in a linear
ooo3 b v o v 0oL plot. The open symbols are from ultrasonic measurements and the
0 200 400 600 800 1000 1200 full symbols from Brillouin light scattering data. The characteristics

Temperature (K) of the samples are reported in Table I.

FIG. 2. Temperature behaviors of the half width half maximumtion is also valid also for the elastic constarhtl€pvlz, the
of the Brillouin peak[’, in aerogell(LJ), xerogell(A), a densified  following density dependence for the longitudinal sound ve-

aerogel(®), andv-SiO, (O) (from Ref. 36. locity v, is found:
7.0-1G db/cni? at a frequency of 34 GHz The huge dif- vI=v 0(p_>y, (4)
ferences in the attenuation values can be explained consider- “\po

ing that phono.ns in '.[he. porous media are continuously Sca(/Vherey:(,B—l)IZ andv, ¢ is the longitudinal sound velocity
tered by the discontinuities of the elastic constants between_l}3 vitreous silica. It is worth noting that fromg

the bulk and pore parts. The above values demonstrate tha + . . -
the attenuation scales with the pore sizese Fig. 2 and 03+0.15 obtained by théy, behavior reported in Fig. 3,

. L T : a value of 1.02+0.08 is derived for. The power law which
Table 1).%° The effects of the wide distribution of pore sizes : :
and of the multiple scattering of phonons contribute to th regulates the density dependence of the elastic modigys

. . . n previousl| rv valid in a very wi [
acoustic loss, leading to the observed values of attenuatio as been previously observed to be valid in a very wide class

This evidences that the “classical” or Rayleigh scattering ot f&%rc');ésal;:Ilczxsygsrfgarg,:sg%;/vmg a small difference only
thermal phonons by pores is the dominant mechanism of g exp o
attenuation in the frequency range probed by Brillouin light

scatteringf® The longitudinal sound velocity, seems to follow B. Ultrasonic experiments

a linear density dependence as shown in the inset in Fig. 3. Differently from the light scattering experiment, the tem-
This can be explained thinking that the porous materials argerature dependence of the attenuation measured in a ultra-
composed by a silica connective backbone surrounding bygnic frequency range show a dynamical behavior even on
empty spaces. In fact, the problem of relating the microyne most porous samples. The temperature dependencies
scopic structure of the porous material with its bulk proper-from 5 to 400 K of the ultrasonic attenuation of silica aero-
ties, like sound velocity, was developed in the past and g2 at 15 and 25 MHz are shown in Fig. 4. As the tempera-
density scaling law for the elastic modulus was propd$é8l.  {re is increased from 5 K the attenuation increases up to-
In the framework of a simple model of random networks of\yards a broad peak, typical of oxide glasdemhose

rods or plates, they obtained the density dependence of thgaximum shifts to higher temperatures as the ultrasonic
elastic modulusv as given by the following expression:  griving frequency is increased. Above about 200 K the at-
o \# tenuation starts to increase again showing a further large
_) ) (3 peak, also shifting to higher temperatures with increasing
Po frequency. The velocity of 15 MHz longitudinal sound
wherep” is the apparentmacroscopig density of the silica waves decreases from 5 to 40 K, exhibits a minimum at
gel, My and p, the elastic modulus and the density of the about 50 K and then rises about linearly with increasing tem-
material building massive part. Assuming that a similar relaperature(inset of Fig. 4. Broadly similar results have been

M:M()(
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obtained for the attenuation and the sound velocity in silica 0.000 P
xerogel3, even if the explored temperature range was more - °
restricted(60—400 K. The temperature behaviors of the ul- -0.005 -
trasonic attenuation and longitudinal velocity for silica gels I
are compared to those observedi$iO, (Refs. 41 and 4p 0 100 20 s00 a0

in Fig. 5. To make the comparison, the ultrasonic attenuation
a has been transformed into the internal frictia®
=2av/w and the velocity has been reported as the fractional FIG. 5. (a) Comparison between the internal frictigr for

sound velocity, "eAv/UO:(v—lfO)/UO’ belng.vo the value at longitudinal 15 MHz ultrasounds in aerogel®) and for longitu-

the lowest temperatur% (5 K) in the eXp?”mem' The low- dinal ultrasounds iw-SiO2 (@) (from Refs. 41 and 42 The inset

est value of, i.e., that measured at the highest temperatureShows the comparison between the high temperature relaxation
has been subtracted to the experimental data as a backeaks in aerogelpO) and xerogel3A). (b) Comparison between
ground. It can be seen that the low temperature internal fricthe fractional sound velocityv/vo=(v=-vo)/ve, for longitudinal

tion across the temperature range spanned by the broad pegk MHz ultrasounds in aeroge(®) and for longitudinal 6.8 MHz

is very similar in aerogel2 and #+SiO,, while the loss peak ultrasounds in-SiO, (@) (from Ref. 42.

at higher temperatures, not observeduvi8iO,, broadens
with increasing density from aerogel2 to xerogéidset in
Fig. 5@)]. The close similarity between the low temperature

Temperature (K)

frequency intervalE/kg=4.7 kJ/mof). The values oE,,
are in the range of energies usually characterizing the hydro-

Szlt:)?:\i/tlori?l gfertoheeIlgtz::]?jailv)f-rISCitlor}saigda(t;tzr;rE\i/:/:ittIf? r:ﬁ:e Shmfndgen bonding. It is believed that this latter relaxation process
y 9 O, Y= " arises from local motions of the hydroxyl groups which

pothesis of a common origin for the revealed anomalies: be- : o .
low about 150 K, the acoustic behaviors are governed bcover the inner surface of silica gels. Among the different

thermally activated relaxations of the same intrinsic strucE(ypes of silanol species characterizing the silicate surface,
tural defyects The further loss peak observed above 200 ntatively we associate this relaxation to the fraction of
: P “vicinal silanols” i.e., OH™ groups which are bonded to sur-

implies the introduction of supplementary degrees of free'face silicon atoms having three bridging oxygens and can

dom respect to the bulk material which can be attributed toexperience hydrogen bonding. It is to be noted, however, that

extrinsic defects subjected to thermally activated local MOt e loss peaks cannot be explained in terms of a single re-

gggé.eclinb?/e;neﬂ;hznriilsa)l(:\fxllon rate of defects could be deI‘axation time, as provided by the well knqwn Debye'equa—
' tion, and therefore their accurate description should in gen-
a1 ~Eact eral be obtained by considering a distribution of relaxation
T =Ty €X KT (5 times arising from the inherent structural randomness of
B these systems. The larger width of the high temperature peak
and the plot of the frequencies versus the reciprocal temperaa xerogel3 as compared to that in aerogpiet Fig. %a)]
tures of the acoustic loss maxirﬁﬁjeag‘l, gives the average surely reflects a more complex distribution of local environ-
activation energies,; (low temperature peakand E,,,  ments of the relaxor@he OH groups probably arising from
(high temperature peakeported in Table I. Also accounting the smallest sizes of the pores and to the larger specific sur-
for the roughness of the procedusnce the activation en- face area of this sample. Since the low temperature attenua-
ergy values are obtained by only two close frequenciess  tion shows a dynamic behavior which is quite similar in both
worth noting that the value &, 1/ks=4.3 kJ/mof is quite  v-SiO, and porous systems, this implies that, as also ex-
close to that obtained in vitreous silica over a very widepected by the frequency dependence of Rayleigh scattering,
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§ Cp\ 2mkg*| 1/ 1 2
: .' _3 = 3 - _3 + _3 L (6)
10* 3 o T 5pﬁ 3\v L UT

where the term in parenthesis in the r.h.s. is the inverse of the
; cubic power of the average Debye sound velocity (see
b 10t g Table |) and the other parameters have their usual meaning.
The effect of increasing density is to progressively reduce
the low temperature upturn, so that the densified sample has
a C, nearly identical to that 06-SiO,. The specific heat of
aerogell exhibits an upturn below 4 K and a peak at higher
temperatures which are significantly larger than those ob-
served in the more dense xerogel3. Differently from the other
10°f S0, samples, howeveC,(T) of aerogell is much smaller than
. R . the Debye limit in the whole temperature interval explored.
1 T 10 The broad hump irC,/T? is associated to additional low-
energy vibrational states, which originate the so-catieson

FIG. 6. Temperature dependenceQyf T for (O) v-SiO,, (+) a peak (BP) observed in the low energy region of inelastic
densified xerogel/\) xerogel3 and®) aerogell. The arrows show Neutron and light scattering spectra of glas$é8Now, the
the Debye contribution€/ T3 calculated from sound velocity data OVerlapping excess specific heats can be considered as an
(see Table )L The inset shows the temperature dependence of thevidence for the same excess in the vibrational density of
specific heaC,, in aerogell. The solid line represents a temperaturestates. This result is due to the peculiarity that the thermal
variation having an exponent of 1.48. treatment causes cross-links between the,3iQits by re-

moving the dangling Si-OH bonds and produces a glass hav-

this static contribution become negligible at ultrasoniciNd the same structure of SiO, at least over a length scale
frequencieg? of nanometers. This indeed is the region of lengths associ-

In close analogy to the internal friction, also the tempera-2t€d 3W'th the low-energy additional vibrations. The bump in
ture dependencies of the fractional sound velocity in aeroCp/ T~ Of x€rogel3 is close to that observedurSiO,, in the
gel2 andv-SiO, [Fig. 5b)] are nearly coincident, a signifi- temperature ran_ge_of_the_ excess assomatgd to the.&pP
cant deviation being observed only at temperatures abov@ound 10 K. This finding is in agreement with the observa-
250 K where the influence of the dispersion due to the higtions obtained by neutron scattering experiments in the same
temperature relaxation process becomes dominant. The roop@MPle 0f-SiO, and in xerogels having densities ranging in
temperature sound velocities measured in ultrasonic rang8,Wide interval, where a BP having a similar shape to that of
reported as triangles in Fig. 3, confirm the results obtained-SiOz Was found” Taking all the data together we conclude
by Brillouin light scattering. It is worth noting that the rela- that, in these studied porous systems, the disorder |_ntro<_juced
tion (3) also permits is to obtain the temperature dependencBY Pores does not affect too much the excess vibrational
of v. Sincep” is proportional top, by a proportionality dgnsny of states in t_he region of the BP be_causg the exten-
coefficient which is essentially given by the square of theSion of the intermediate range order in their solid phase is
ratio between the diameterand the length of a rod” the ~ comparable to that ob-SiO,. Significant differences be-
quantity in parentheses in E(), can be considered as tem- tWeen the behaviors d,(T)/ T are observed below about
perature independent coefficient and it represents only a scap-K and arise from the contribution of the “two level systems
ing factor for the density variation of the sound velocity. (TLS).” These excitations, which are associated to the tun-
Consequently,(T) should reflect straightforwardly, o(T), ~ N€lling motions of groups of atorrisr single atomg*® con-

as observed from the comparison of their experimental bellibute to the specific heat below 1 K with an approximately
haviors reported in Fig. (). linear term in temperature. The differences between the up-

turns of the xerogel3 and-SiO, could be associated with
variations in the TLS density. These additional excitations
C. Specific heat could be ascribed to the large number of Qifoups, located
at the pore surface, which cause also the high temperature
In order to investigate the effects of the porous structureelaxation(see Fig. 4 The limited temperature range ex-
on the total density of vibrational states, the specific heat waplored (down to 1.5 K prevents any quantitative evaluation
measured on these systems. The experimental specific heat$ the magnitude of this linear term. Different considerations
obtained between 1.5 and 20 K for aerogell and xerogeldre necessary to account for the low temperature specific
and plotted aﬁp/T3, are compared to those of the densifiedheat of aerogell, which is much smaller than the Debye con-
xerogel and ob-SiO, (Spectrosil-B glas$? ) in Fig. 6. Xe-  tribution in the whole temperature range investigated. This
rogel3, the densified xerogel andSiO, exhibit an excess C, behavior is reminiscent of those reported in a series of
specific heat over the Debye contributioBs/ T2 (arrows in  silica aerogels having density <870 kg/n¥, where the
Fig. 6), having the characteristic shagr a glasy of a  measuredC, are always less thafp in a wide range of
broad peak. The Debye contributions have been evaluated Bgmperaturg0.05—-20 K.1"18 These features have been ex-
the classical relation haustively discussed assuming the existence of different dy-
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namic regimegphonons, fracton and particle mogle®rre-  dynamic to static transition in the attenuation has been
sponding to different length-scale regions of a fractalfound.

structuret®4” A similar description can be also used for ex- Moreover all the investigated samples have a series of
plaining theC,,(T) behavior in aerogell. In fa&,(T) exhib-  properties that can be deduced from those-&iO, account-

its a slope between 1.5 and 3(|(:pocT1-48, see the inset of NG fo_r_thelr partlcylar densny._The absplute values of sound
Fig. 6), which increases markedly with increasing tempera-velocities scale with the density following a power law and
ture above 3 K as a clear indication of an additional vibra-the temperature dependence of the fractional sound velocities

tional contribution overlapping to thosghonons and frac- Ne&rly coincide with the behavior observedufBiO,. Fur-

tong governing the dynamics at lower temperatures. It isthermore the temperature dependence of the longitudinal

worth to emphasize that the obtained power law is quitesound velocity strictly reflects the behaviors observed in tet-

close to that observed below 3 K in two light aerogeds, rahedrically bonded glassgsuch as Si@and Bef (Ref. 2]

TL4 Wwh h has b lated he f showing a minimum followed by a linear increase with in-
«T™%) where the exponent has been related to the fractofeaging temperature. All these peculiarities indicate that the
spectral dimensiotf This observation enables an interpreta-

> , ; : density is the appropriate scaling factor for the elastic char-
tion of the experimentaC, in terms of a large density of 4ceristics of silica gels. The same consistency between po-
vibrational excitationgfractons and particle modesver the 45 and bulk silica results from the analysis of the ultrasonic

usual Debye phonons, induced by the fractal texture of @erosyenyation: in the low temperature region, the attenuation
gell. Therefore the present analy_5|s of the Iovy temperg?urgxhibits a very close dynamical behavior irSiO, and in
Cp, leads to conclude that, for silica gels having densities)qroys silica materials. These observations are consistent
higher than about 1000 kgﬁ:nt_he drying shrinkag€ im-  \yith a4 model that represents the microscopic structure of
proves the binding between neighboring sites preventing thg,ese porous materials as formed by a disordered network of
formation of a fractal network. The resulting locally dense y,assive branches surrounded by empty spaces. The branches
structures are characterized b_y a v_ibrational dynamics whicl e characterized by a given diameter and a density close to
tends to reproduce that of-SiO,, i.e., an excess of loW hat of,,-Si0,. Hence the quantities measured in porous sys-
energy vibrations over the Debye-type phonons. tems are quite similar to those 0£SiO, because they are
related to bulk system and are not very much affected by
IV. CONCLUSIONS pores. The BP mea_sured by neutron scatteri_ng_experiﬁ‘?ents
as well as the peak i@/T® at 10 K are a clear indication that
The whole of observations indicates that relevant variathe porous systems with a density higher than 1000 Bg/m
tions are found in the behavior of sound attenuation depenchave a vibrational dynamics similar to that of the bulk sys-
ing on the probe frequency and on the sample density. Usingem. The shape and the magnitude of the specific heat mea-
ultrasound, a dynamical attenuation behaviour has been megdred in these samples near the maximum is a clear indica-
sured even in the most porous system, while Brillouin lighttion that the dynamics of porous systems follows closely that
scattering measurements, depending on the size of poresoéthe bulk system.
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