PHYSICAL REVIEW B VOLUME 57, NUMBER 6 1 FEBRUARY 1998-II

Ultrasonic properties of silica aerogels at low temperatures
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We have made ultrasonic measurements on several silica aerogels in the previously unstudied region be-
tween room temperature and 15 K. We present detailed results for two samples with densities of 360 and 290
kg/ m® (porosities of 84 and 89%and sound velocities of a few hundred meters per second. Below about 120
K, both longitudinal and transverse sound velocities increased substafiiallp to 16%, much more than in
bulk glasses These velocity changes were almost frequency independent and were accompanied by attenua-
tion peaks whose magnitude increased linearly with frequency. The maximum attenuation was so large, nearly
400 dB/cm at 10 MHz in the lower-density sample, that measurements could only be made below about 15
MHz. Below about 40 K, the attenuation was proportional to the cube of the temperature. The velocity changes
and attenuation peaks resemble, but are much larger than, those seen in bulk dielectric glasses where they are
associated with a relaxation process but the origin offthattenuation is uncleafS0163-18208)02605-4

INTRODUCTION and then decreases. The relaxation process is also respon-
sible for an attenuation which increases Tt the lowest
Silica aerogels are porous glasses made via a sol-gel preemperatures and then becomes nearly constant above the
cess and subsequent hypercritical drying. This process praelocity maximum.
duces tenuous solid structures with densipiess small as 5 The open, tenuous structure of aerogels results in unique
kg/m® (corresponding to a porosit$=99.8% and unique acoustic properties. Room-temperature measuremérts,
acoustic and thermal properties. Ultrasonic measuremientsshowed that aerogels’ elastic moduli are somewhat affected
for example, find very low sound speeds, as low as 20 m/s ilhy chemical composition, gel preparation conditions, and by
the highest porosity materials. Thermal measurements at logubsequent heat treatment, but depend primarily on density.
temperatures indicate substantial differences between excitdhe sound speeds scale @ (where «~1.35 for aerogels
tions in aerogels and bulk glasses. In bulk gladsé® be- denser than 100 kg/frand a~0.8 for lighter aerogejsand
havior of both the heat capacity and the thermal conductivitycan be as low as 20 m(g an evacuated sample wigh=5
below 1 K is dominated by the “two level systemgTLS's) kg/m®). The ratio of transverse and longitudinal sound speeds
that characterize amorphous materials. These TLS'’s result iis about 0.60, comparable to that in bulk silica glass and
a heat capacity which is larger than the Debye prediction andorresponding to a Poisson’s ratie=0.22. In general, base
varies linearly with temperature as well as a thermal conduceatalyzed aerogels have slightly lower sound velocities than
tivity which varies asT?. At higher temperatures, a charac- acid catalyzed aerogels of the same density. Heating at
teristic heat capacity “bump” and a thermal conductivity 500 °C changes the density by only about 1%, but increases
plateau are observed. In silica aerogels heat capacity that the sound velocities by 30%. Heating to higher temperatures
varies nearly linearly with temperature is also found below 2results in substantial shrinkage, producing densified aerogels
K. However, in contrast to bulk glasses, this heat capacity isvith a different microstructure and sound speeds about twice
smaller than the very large Debyi€¢ heat capacity that the as large as untreated aerogels with the same density.
low sound speeds would predieithough still several orders The only low-temperature acoustic measurements involv-
of magnitude larger than that of bulk silicaThe thermal ing aerogels to daté are low-frequencykHz) sound veloc-
conductivity in aerogels is much smaller than in bulk glassedty and internal friction measurements on samples with den-
and shows neither the low-temperatdiedependence nor a sities of 270 and 360 kg/in(a “densified aerogel” with
plateau at higher temperatures. Instead, there appears to b@a870 kg/n?, produced by annealing, was also studidte
plateau beler 1 K and a roughlyT*® variation at higher measurements did not extend to low enough temperature to
temperatures. see the characteristic logarithmic velocity increase but did
The acoustic properties of glaséese also very different show(between about 0.1 and 1) khe velocity decrease and
from their crystalline counterparts. Bulk glasses have an ulattenuation plateau due to TLS relaxation. However, the TLS
trasonic attenuation peak around 70 K due to structural redensity of states determined from these measurements was
laxation. Below a few kelvin, the temperature and frequencycomparable to bulk glasses so TLS’s cannot account for the
dependences of the sound velocity and attenuation are deterery large linear heat capacity. Above ab@K the internal
mined by interactions with TLS’s and can be used to deterfriction began to increase again. In the densified aerogel,
mine their density of states. At the lowest temperatures resowhere measurements extended to higher temperature, this in-
nant interactions dominate, causing the velocity to increaserease was seen to be the beginning of a gaa#ibout 16 K
logarithmically with temperature. As the temperature in-which may be related to the attenuation peak seen in bulk
creases, the relaxation of TLS’s due to thermal phonons beglasses around 70 K.
comes important and the velocity goes through a maximum Ultrasonic(MHz) measurements on aerogels have so far
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been made almost exclusively at room temperature. These 0f o
showed that the attenuation in aerogels is sensitive to ad-
sorbed water and, in low-density aerogels, to any gas within
the pores. The attenuation was quite lafgsy., 30 dB/cm at
3 MHz in p=129 kg/nt aerogel and increased approxi-
mately quadratically with sound frequency. Most of the wa-
ter could be removed by heating in vacuum for a few hours
at 100 °C, leaving a much smaller attenuation with a weaker
frequency dependence. One papentions that ultrasonic
velocity measurement®n a 71 kg/m aerogel showed no
significant variation between 300 and 30 K. Calemzcuk
et al2 also state that the velocity of 10 MHz longitudinal and
transverse waves in a densified aero@i0 kg/n?) varied 100 ;
by less than 5% from room temperature to 1.4 K. "
In an attempt to determine which features of the acoustic
behavior of aerogels are due to their amorphous nature and
which are due to their low density and unique microstruc-
ture, we have made ultrasonic measurements in the previ-
ously unstudied region between room temperature and 15 K
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on a number of different silica aerogel samples. We present =

results for two samples with densitié360 and 290 kg// W8 B rth anvers

close to those used in previous acoustic measurefteats j . ‘ . . ‘

lower temperatures. Our experiments revealed some features 0 0 0 100 150 200 250 300
in common with bulk glasses, for example, attenuation peaks Temperature (K)

around 70 K, but these peaks and their associated velocity

changes are much larger than in bulk glasses. In addition, we FIG. 1. (a) Temperature dependence of the ultrasonic velocity in
find that the attenuation below about 40 K is proportional toa silica aerogel of density 360 kg?mOpen squares are for longi-
frequency and has a striking but unexplaifédtemperature  tudinal waveg14.5 MH2) and solid circles are for transverse waves
dependence. Preliminary results have been publishe®.5 MH2). (b) Ultrasonic attenuation corresponding to the velocity
elsewheré. data shown in(a).

EXPERIMENTAL DETAILS dences of the sound velocity for transvef8e5 MHz) and
Samples were made using a standard “one step” tetraml-ongitUdinal(14'5 MH2 waves. Figure () shows the cor-

. responding attenuation for the two modes. The most striking
ethyl orthosﬂmqte(TMOS) process fo produce base qata- features are the attenuation peaks around 70 K. These are
Lyzec: aerogbelstlnSTet dggsn)ll ramge 360 to 42 l@g{mrot&t—h accompanied by velocity changes of about 8% in the region
Ies from abou 0 98)In this paper, we present the of the peaks. This behavior resembles that in bulk glasses but
results of _deta|led measure_ments mgde on two of these, Oith much larger attenuation peaks and velocity changes. For
produced in our laboratorfwith a density of 290 kg/r, the example, the attenuation peak at 10 MHz is only about 1
other, denser sampl&60 kg/n?) made elsewher¥. Thin dB/cm in, fused silica

rectangular sample. to 3 mm thicll were cut and L.iNb@ Figure 2 shows the velocity changes in this sample at a

r%%mdt?mpﬁratur? and a s_lr_nall amount of helium gas \(/jva equency independent. The maximum rates of change occur
added for thermal contact. Temperatures were measure .uéésentially at the temperatures of the attenuation peaks,
Ing a c_allbrated parbon glass sensor and controlied by a dlg{/'vhich are slightly lower for the transverse modes. Figure 3
tal LesLstance brl_?_ge. | ho techni dt shows the dampingattenuation/frequengycorresponding to
pnase sensilive puise-echo techniqué was used 10 Megiq ye|qcities in Fig. 2. The magnitude of the peaks is inde-
sure the velocity and attenuation of longitudinal and shea endent of frequency, implying an attenuation that is propor-
waves at several different frequencies. The large attenuatio@onal to frequency ,The fransverse modes have damping
ir) the low-density aerogels Iimiteq the measurement freque peaks that are larger by a factor of about 1.6 and these occur
cies to Igss than 15 MHz even with 1 mm thick samples. The,; slightly lower temperaturéround 61 K vs 68 K for lon-
longitudinal sound sp_eeds atroom tem_perature_weretzao gitudinal modes The more gradual velocity changes and
m/s anql 60630 m/s in the IO\_N' and high-density sample_s_, broad attenuation maxima above 15Qd€e in Figs. (a) and
respectively. The corresponding transverse sound V?'QC'“?b)] vary less systematically with frequency, although they
were 165-20 m/s and 36820 m/s. The Iarge uncertainties o qualitatively the same at all frequencies. This higher tem-
arise from the effects of the epoxy bonds, including damag%erature behavior may be associated with adsorbed \tater
to the aerogel surfaces. which the attenuation, in particular, is very sensifjver
RESULTS may reflect the effects of thermal expansion on the trans-
ducer bonds.

We begin with the results from our densgr=360 kg/ One interesting feature of Fig. 3 is the behavior of the

m® sample. Figure (B) compares the temperature depen-attenuation at low temperatures. As shown in Fig. 4, below
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FIG. 4. Damping of longitudinalopen symbolsand transverse
Temperature (K) (solid symbol$ sound in the 360 kg/faerogel showing the fre-

. 5 ;
FIG. 2. Frequency dependence of the ultrasonic velocity in thelU€ncy independent™ damping at low temperatures.

sample of Fig. 1. Open symbols are for longitudinal wagés to
16.5 MH2 and solid symbols are for transverse way@sand 5.5
MHz).

feedthrough from the transducers and amplifier. With our
system and samples, this interference was noticeable when
the attenuation exceeded about 250 dB/cm and the signal

about 30 K the damping is proportional to the cube of thePecame very small. The variation of the sound velocity with

temperature. ThisT® damping is independent of the fre- temperature is about twice as large in the low density
quency and is about 1.6 times larger for the transversé@mple; the change associated with the attenuation peak is
modes. about 16%. Although the large attenuation limited the acces-

The general features seen in Figs. 1 to 4 are also observéiPle frequency range even more than in the first sample, the
in the lower density aerogels. Although the density of thedtténuation again was proportional to frequency. The behav-

second samplé€90 kg/n?) is only 20% smaller than that of 10 of transverse waves was similar; the velocity changes
the first sample, its longitudinal and transverse sound speed¥ere nearly the same while the attenuation peak occurred at
are substantially smalleiby factors of about 2)2 Figures slightly lower temperature than the longitudinal peak. The

5(a) and §b) compare the temperature dependences of the

velocity and attenuation of 10 MHz longitudinal waves in the 0
two aerogels. The attenuation pg#tg. 5(b)] is much larger 27 (@
in the lower density sample and occurs at somewhat higher S 4
temperatures. Note that the attenuation “wiggles” on the % 6
peak are experimental artifacts resulting from inadvertent in- $ 4
terference between the ultrasonic signal and electrical & -0y
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FIG. 5. (@) Comparison of the temperature dependence of the 10
MHz longitudinal sound speeds in aerogels with densities of 360

FIG. 3. Frequency dependence of the dampiatjenuation/ kg/m®. (b) Attenuation peaks corresponding to the velocity data of
frequency corresponding to the velocity data of Fig. 2. (@).
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half the total relaxation velocity change has occurfadd
where the slope of the velocity is largeand the damping at
the peak should be
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Our ultrasonic measurements on aerogels are generally
consistent with a relaxation process witk 108 s at about
65 K. For a thermally activated relaxation procéss e T),
mansverse — the attenuation peaksvhich occur atwr=1) shift to higher
ongisml temperature as the sound frequency increases. In bulk
. . , , glasses, the frequency dependence of the peak temperature
0 20 40 60 80 gives activation energie&~600 K. Unfortunately, in aero-
% (10° K) gels the experimental frequency range is too narrow to de-
termine an activation energy. However, our data have other
FIG. 6. Low-temperature damping of longitudin@pen sym-  characteristics of a relaxation process. Figures 2, 3, and 5
bols) and transversésolid symbolg sound in 360 kg/t(circles  show that the peaks occur roughly at the temperatures where
and 290 kg/m (squarep aerogels showing> behavior. the velocity is changing most rapidlfwhich are slightly
lower for transverse wavgsFigure 3 confirms the expected
low-temperature attenuation for all modes was accuratelyrequency independence of the dampiagienuation propor-
proportional toT2. Figure 6 compares this behavior below 45 tional to frequency. However, Eq.(3) predicts damping
K in the two samples. The ratio between fii¢ attenuation peaks of about 36 and 170 dB MHz cm for 10 MHz longi-
in the 290 and 360 kg/frsamples is about 2.4, whereas thetudinal waves in the 290 and 360 kgimerogels while the
ratio of the attenuations at the peaks is larger, about 5.  actual peaks are smaller, about 7 and 35 dB/MHz cm, respec-
tively. The ratios between the predictésingle 7) and ob-
served attenuation maxima are essentially the same in our
two aerogels, about 5. Similar discrepancies are seen in bulk
Below 150 K, we observe attenuation peaks and increasaglasses where they have been shotenresult from a distri-
in the speed of ultrasonic waves that are much larger thahution of relaxation times. The effect of such a distribution
those in conventional solids but qualitatively resemble thosés to broaden the attenuation peak and the temperature range
seen in bulk glasses. In bulk silica, the maximum attenuatiorover which the velocity change occurs. The total velocity
(for 10 MHz longitudinal soundoccurs around 50 K but is increaseAv is unchanged, but the broadening reduces the
only 1 dB/cm. The corresponding velocity decrease in silicaheight of the attenuation peak. We can also compare the
from 10 to 100 K is about 1%; at higher temperatures theattenuation peaks for longitudinal and transverse modes. As-
sound speeds increase. This behavior of glasses below 100¢iming that the same relaxation process affects transverse
is attributed to a thermally activated relaxation processwvaves, we would expec¢because of the smaller sound speed
which has its origin in the structural disorder of the glass. v») damping peaks that are about 1.7 times larger for trans-
For a relaxation process with a single relaxation time verse waves. From Fig. 3 the actual ratio in the 360 Rg/m
the velocity and attenuation of a sound wave with angulamerogels is about 1.6, in good agreement with B4.
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T
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Attenuation/frequency (dB/MHz cm)

DISCUSSION

frequencyw are We conclude that the main features of the ultrasonic be-
havior of aerogels below 150 K are due to a relaxation pro-
) 2 2 ) - .
0 vo—vy (1) cess, similar to that in bulk glasses, and that the much larger
— Tl > 2 (1)  attenuation peaks and velocity changes in aerogels are con-
v Ve 1"1‘(0)7')

sequences of their very small sound velocities. The smaller

velocity changes at higher temperatuftsse Fig. 1 may be

related to the linear increase with temperature seen in tetra-

5 ) hedrally coordinated bulk glasses above the attenuation peak.

Vo Vo @7 ®) The origin of the strikingr *dependence of the attenuation

202y 1+ (w1)? ' below about 40 K is less clear. It is not simply the low-
temperature tail of the relaxation peak since &or=>1 the

wherev,, and v, are the velocities in the higtwm1) and  attenuation becomes

low (wr<1) frequency regimeswhich correspond to low

and high temperatures, respectively, for a thermally activated 1/Av\1

process a=- T (4)

The general behavior of the ultrasonic velocity and at-

tenuation in aerogels is consistent with such a relaxation proahich is independent of frequency, in contrast to the ob-

cess. Even in aerogels, the total velocity chadge= v, served linear frequency dependence. Also, a process with a

— 1o (@ measure of the relaxation strengtha small fraction  thermally activated relaxation time would give a low-

of the velocity (i.e., Av/v<1). The attenuation peak, which temperature attenuation that varies exponentially with tem-

corresponds tar=1, then occurs at the temperature whereperature. In bulk glasses it is not possible to study the low-

and

14
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temperature(w7>1) behavior of the 50 K relaxation peak brational spectrum in aerogels has been studied more directly
since a second attenuation peak is superimposed at low terim Brillouin, Raman, and neutron scattering measurements.
peratures. This additional attenuation is due to relaxation oHowever, in relatively dense aerogels such as ours, the cross-
the TLS’s and, interestingly, is also proportionaldat low  over between phonon and fracton behavior occurs at around
temperaturega reflection of the density of states of the ther- 10'° Hz, far above our ultrasonic frequencies. Although our
mal phonons responsible for the TLS relaxatiddowever, ultrasonic measurements do not directly probe the fractal
such a mechanism is not likely to be related to the attenuastructure of aerogels, it is possible that the unusual vibra-
tion we see in aerogels since the TI3 attenuation is inde- tional density of states affects the relaxation process in aero-
pendent of frequencyin contrast to the attenuation propor- gels and the resulting sound attenuation and velocity
tional to frequency seen in Figs. 4 angl &lso, the TLS changes. Measurements over a much wider frequency range
attenuation in bulk glasses varies &3 only at very low  might shed light on the origin of this ultrasonic behavior in
temperaturegbelow about 0.5 K in silica aerogels.

One interesting possibility is that the unusual ultrasonic
behaV|0f of aerogels is related to their unique fractal struc- ACKNOWLEDGMENTS
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