
VOLUME 66, NUMBER 8 PHYSICAL REVIEW LETTERS 25 FEBRUARY 1991

Low-Temperature Specific Heat and Thermal Conductivity of Silica Aerogels
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Specific-heat and thermal-conductivity measurements were made on a series of base-catalyzed silica
aerogels at temperatures between 0.05 and 20 K. Evidence for a crossover between regimes of charac-
teristically diA'erent excitations was observed, The data analysis indicates a "bump" in the density of vi-

brational states g(co) at the crossover frequency from phonon to fracton behavior.

PACS numbers: 61.42.+h, 63.50.+x, 65.40.—f, 66.60.+a

Usually the lattice specific heat of crystalline matter is
fairly well described by the Debye model, in principle a
continuum approximation, if T((BD, where k~6~ is the
cutoff energy. Although a priori not obvious, it became
clear that this continuum model is not sufhcient to de-
scribe the low-temperature specific heat of disordered
solids, where additional degrees of freedom need to be
considered. Well known in this respect are the two-level
states of amorphous materials. ' More recently, descrip-
tions of the behavior of certain disordered solids intro-
duced the fractal concept. Typical representatives of this
kind of substance are aerogels, i.e., silica oxides with
very low densities of typically only 5%-10% of conven-
tional glasses. Small-angle x-ray and neutron scatter-
ing identify three structural regions. At the largest
length scales the material appears homogeneous and at
the smallest length scales one observes the individual
building blocks consisting of dense amorphous Si02 par-
ticles. In between, one finds power-law behavior in the
density correlation function, giving a Hausdorff dimen-
sion in the range from 1.9 to 2.4. In terms of the dy-
namics of these systems again three regions of distinctly
different behavior, characterized by the frequency depen-
dences of the excitation densities of states (DOS) g(co),
have been proposed. At very low frequencies, a normal
Debye-type behavior is expected [g(co) ceca ]. In be-
tween two crossover frequencies, the fractal region is
characterized by local fracton states with g(co) ~ co

where d is termed the spectral dimension. At high fre-
quencies, the dynamics of the small amorphous particles
dominates.

There is much controversy about the frequency depen-
dence of the DQS at the phonon-fracton crossover in
fractal structures. Based on scaling arguments, it is
claimed that a peak should be observed at the crossover
frequency co„, and effective-medium-approximation cal-
culations indicate a rapid variation of g(co) at co„.
Light-scattering experiments on neutraOy reacted aero-
gels, and inelastic neutron-scattering experiments on
base-catalyzed samples, however, have been interpreted
to indicate the absence of anomalies in the DQS. Simu-
lations carried out on two-dimensional networks of ran-
dom springs also show no bump in the DQS at the

phonon-fracton crossover. Spin-echo neutron data,
however, indicate a peak in the density of states for base-
catalyzed samples, ' while no such anomaly is deduced
from the data of neutrally reacted specimens. ' '' The
difference in behavior has been ascribed to distinct
differences in the structural texture between neutrally
reacted and base-catalyzed aerogels.

In an attempt to strengthen the experimental basis for
theoretical concepts addressing the above-mentioned is-
sues, we have measured Cp and the thermal conductivity
X down to temperatures of 0.05 K in three homologous
base catalyzed aer-ogel samples' because, as given by
Eq. (1), Cp(T) only depend's on g(co), and the energy
range of the excitations in question can be mapped with
a single type of experiment. Previous work involving this
type of measurement' covered the range from high-
temperature behavior well into the fracton region but, to
our knowledge, the present Cp(T) results are the first
that allow a discussion of the lower crossover mentioned
above. They indicate that indeed there is a peak in the
density of states in the neighborhood of the phonon-
fracton crossover frequency of base-catalyzed aerogels.

All our samples' were prepared using the same re-
cipe, but with differing densities of p =0.145, 0.190, and
0.275 gjcm . Treatments that affect the internal sur-
face, like oxidation, modify the values of Cp at high tem-
peratures but do not affect the value of Cp below 2.5
K. ' Compared to amorphous silica, X(T) can be up to
3 orders of magnitude smaller for temperatures in the
range from 0. 1 to 20 K, while, in contrast, Cp(T) may
be more than an order of magnitude larger. Large Cp
and small k make conventional methods for the measure-
ment of these thermal properties dificult. Hence, we
have developed a dynamic technique for measuring
simultaneously Cp and k of poor thermal conductors,
which can be considered as an extension of a relaxation
method. It involves the analysis of the nontrivial temper-
ature relaxation of the sample after cutting the heating
power and is described in detail elsewhere. ' Various
test experiments comparing samples with distinctly
different geometries confirmed that the method gives re-
liable results also at very low temperatures.

Qur samples were characterized with small-angle neu-
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Pulse-echo results
Density UL UT Us Tco
(g/cm') (m/s) (m/s) (m/s) (K)

Cp results
gf, (kiiT../h. )

d (s/g)

0.145
0.190
0.275

107
158
265

119 0.10 1.11
174 0.18 1.07
292 0.37 1.21

1.11 x10'
1.32x10'
9.88 x 10'

fracton crossover in the DOS that is given by

TABLE I. Measured velocities of sound and parameters ob-
tained from fits of Eq. (3) to data (sec text). The average rela-
tive uncertainty of these parameters is estimated to bc 2%.

FIG. 1. Plot of logCp vs logT for two aerogel samples with

p 0.145 and 0.275 g/cm, respectively, at low temperature.
Inset: The results of the small-angle neutron-scattering experi-
ments on materials with three different densities.

tron scattering (SANS) and the results are shown in the
inset of Fig. 1. The scattering data can be scaled with
characteristic lengths g depending on thc density with a
fractal dimension of -2. ' The size of the basic parti-
cles is R =20 A for all specimens. The results of a direct
measurement of both the longitudinal (UL, ) and trans-
verse (UT) speed of sound using a pulse-echo method'
are listed in Table I.

In Fig. 1 our Cp data for two aerogels with densities
0.145 and 0.275 g/cm3 are shown for all temperatures
measured. Above 0.6 K, Cp is about the same for the
two materials and is approximately linear in T in the
range between 0.6 and 2.5 K. An enhanced temperature
dependence of Cp is noted at higher temperatures. Our
low-temperature data, which we do not expect to be
inlluenced by the internal vibrational modes of the indi-
vidual particles (20 A), are plotted in Fig. 2 as Cp/T vs
T. At low temperatures (T(0.3 K) the specific heat for
the material with highest density (p=0.275 g/cm )
clearly decreases faster with T than for the low-density

(p 0.145 g/cm ) material. For the latter material the
Cp/T ratio increases with decreasing T down to the
lowest temperature measured (0.065 K). In contrast, for
the high-density sample there is a distinct drop in Cp/T
at about 0.12 K. Both trends indicate, as we argue
below, the crossover between the fracton and phonon re-
gimes. Because Cp depends only on the density of states
g(cu) as

kg~T ~ kgT
g X dx,

~ 0 fi (ex 1)2

where x=hco/kttT, one can obtain information about
the DOS from fits to Cp(T). In a first attempt we used
g(to) as has been suggested by Schaefer et al. 'u and im-
plicitly by Courtens et al. , assuming a smooth phonon-
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FIG. 2. Cp/T vs T between 0.05 and 0.6 K for high-density
(open circles) and low-density (solid circles) samples. For the
high-density sample the solid line is the best fit using Eq. (3),
and the dashed line is the best fit using Eq. (2). The dash-
dotted line is the best fit with Eq. (3) for the low-density sam-
ple. Constraints of thc fits are described in the text. Inset:
k(T) between O.OS and 0.6 K. The solid line is a fit as de-
scribed in thc text.

I

0.4
I

0.5
I

0.6 0.7

z o d)n2- (2)
z +mz)(3 —d)i2 '

which has no bump if d & 1. This DOS was claimed to
be consistent with results of Brillouin light-scattering
measureinents' of neutrally reacted aerogels and neu-
tron spin-echo data' "of neutrally reacted samples, as
well as a base catalyz-ed sample. The results of the neu-
tron spin-echo measurements on the base-catalyzed sam-
ple, however, were qualitatively difkr ent from those of
the neutrally reacted samples, yielding a large DOS at
small energies, decaying toward zero at higher energies.
Because of unsatisfactory fits, we have considered a
second possibility, allowing for an abrupt crossover by
assuming

N f01 NKN
g(ru) ec '

,co foi' c0 0' c0gp .
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This is similar to the model discussed by Conrad el; al. ,

except that in our case no attempt is made to assure con-
tinuity of g(ro) at to=ro«. From the low-frequency ve-
locity of sound 1/v, = (I/vt +2/vT )/3, the low-tem-
perature (T«T„—= @co«/kit) specific heat can be com-
puted' by Cp =(2tr /5)kttT /(hv, ) p. We fitted either
model to the data with the constraint that the low-
temperature specific heat be given by this calculation.
We find that the model of Eq. (3) provides by far the
best fit, and when extracting the DOS from the fit pa-
rameters we obtain a large discontinuity in the DOS re-
sulting in a sharp peak near T«(Fig. 3). The resulting
fit parameters, T«, d, and gt„(co«) (density of fracton
states), for all three densities are given in Table I. A fit
based on g(ro) given in Eq. (2) yields a significantly
larger g than that for Eq. (3) and it may be seen in Fig.
2 that the features of the data for the high-density sam-
ple are poorly reproduced. Calculating Ct (T) by using
Eq. (2) and the parameters for an aerogel that corre-
sponds to our 0.19-g/cm sample given in Ref. 10 results
in a curve that is far from the observed behavior.

Information on the DOS with respect to the T axis as
obtained by Cp(T) results is complementary to informa-
tion obtained directly on the m axis by means of scatter-
ing experiments. Considering Eq. (1), Ct (T) is relative-
ly insensitive to the exact details of the DOS. In addi-
tion, rounding eA'ects due to the lifetime broadening of
the modes is expected. The interpretation of scattering
experiments, however, requires knowledge of sample-
dependent amplitude factors. Thus, g(ro) as shown in

Fig. 3 should be interpreted as giving the trend that we
derive from our experiments. The essential deference
between the two empirical fits is the presence of an
anomaly using Eq. (3), which does not appear in Eq. (2).

Allotting all parameters to vary freely without con-
straining the low-temperature Cp to be given from the
measured velocity of sound, Eq. (3) again leads to the
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FIG. 3. Density of states g(co) resulting from the best fits
using Eq. (2) or (3). Long-dashed line, p=0.275 g/cm', Eq.
(2); solid line, p=0.275 g/cm', Eq. (3); short-dashed line,
p=0. 19 g/cm', Eq. (3); and dash-dotted line, p =0.145 g/cm',
Eq. (3).

best agreement with experiment and a fit value for the
highest-density sample of v, =265 m/s, in reasonable
agreement with the independently measured (by pulse-
echo technique) value of U, =292 m/s. For the other two
samples the covered temperature range into the crossover
regime is small and therefore no information can be ob-
tained about the velocity of sound for them. We also
note that from our fits the amplitude of the g(ro)
mismatch at co„ increases with decreasing sample densi-
ty. The p dependences of both the independently mea-
sured v, and the fitting values of ro„ imply that g(co,, )
should increase with decreasing p in the phonon approxi-
mation while, assuming mutual self-similarity, g(ro«)
should remain approximately constant where the fracton
approximation of our model applies. The trends of
g(ro«) in Fig. 3 are consistent with this expectation.

An example of our data for the thermal conductivity X

is shown in the inset of Fig. 2. We observe for the high-
density sample, at about 0.13 K, a sharp drop in X as T is
decreasing. No such drop is observed in the low-density
sample down to the lowest temperature measured of 0.1

K. We find that at temperatures above this dropout', the
thermal conductivity of the high-density sample closely
obeys A, =A+BT, with A =1.04&&10 ' W/mK, 8=2.3
x10 W/mK up to about 4 K. This linear behavior,
which is demonstrated by the straight line in the inset of
Fig. 2 for data below 0.6 K, holds over a factor of 30 in
temperature. We interpret the reduction in the slope of
k(T) with increasing temperature from below to above
0.13 K in the high-density sample to be due to the satu-
ration of the low-frequency phonon modes, while the
higher-frequency fracton modes are localized, and there-
fore cannot carry heat. The fact that k is not constant
for temperatures above the crossover temperature (i.e.,
8%0) has been discussed in reference to other disor-
dered materials showing this A, (T) behavior. A theory
based on nonlinear coupling between fractons and pho-
nons has been proposed to explain this observation. ' A
more extensive presentation and discussion of our
thermal-conductivity data will be presented elsewhere.

The approximately linear T behavior of Cp above the
crossover temperature might be suggestive of the pres-
ence of the "two-level systems" used to explain the linear
T dependence of Cp and the concomitant T variation of
A, in glasses. ' This coincidence usually found for glassy
materials is, however, not observed in our case and there-
fore it is reasonable to postulate a characteristically
difI'erent physical cause for the behavior of aerogels.
Unfortunately, measurements of Cp only give informa-
tion about the frequency dependence of the DOS and
cannot in principle determine its physical origin. How-
ever, if the almost linear behavior in Cp were simply due
to two-level systems, we would not expect to see a dis-
tinct decrease of Cp/T (and of A, ) at low temperatures as
we observe (Fig. 2).

In conclusion, we have measured the low-temperature
specific heat and thermal conductivity of a series of
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base ca-talyzed silica aerogels which, by scattering ex-
periments, were found to exhibit the same structural
characteristics as generally found for aerogels. Assum-

ing the existence of both phonon and fracton modes, we
find evidence for the crossover between these modes. We
deduce that an anomaly in the density of excitation
modes at frequencies in the vicinity of the crossover fre-
quency is essential to explain our Cp(T) results, in line
with claims of published theoretical work. In view of
the present situation, similar measurements on neutrally
reacted aerogels seem highly desirable.
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