Eur. Phys. J. B 8, 19-30 (1999)

THE EUROPEAN
PHYSICAL JOURNAL B

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 1999

Thermodynamic properties of small amorphous and crystalline
Silica particles at low temperatures

A. Nittke! 2, P. Esquinazi’>?, H.-C. Semmelhack!, A.L. Burin®, and A.Z. Patashinskii®

1 Abt. Supraleitung und Magnetismus, Universitit Leipzig, Linnéstrasse 5, 04103 Leipzig, Germany
2 Physikalisches Institut, Universitit Bayreuth, 95440 Bayreuth, Germany
3 Department of Chemistry and Material Science, Northwestern University, Evanston IL 60208, USA

Received 9 April 1998

Abstract. We have measured the low-temperature (T' < 1 K) specific heat and heat release of small
amorphous and crystalline SiO2 particles embedded in Teflon and of Vycor. The temperature and time
dependence of these properties have been interpreted in terms of the tunneling model. We found that the
particle size influences the density of states of tunneling systems of the composite. The smaller the size of
the particles the larger is the density of states of tunneling systems Py. Quartz grains with dimensions in
the micrometer range show similar glass-like properties as vitreous silica. In comparison with bulk vitreous
silica, Vycor shows a much larger P, in agreement with the behavior we found for small SiO> particles. We
discuss the implication of our results on the origin of the universal low-temperature properties of glasses.

PACS. 61.43.Fs Glasses — 65.50.4+m Thermodynamic properties and entropy — 63.50.+x Vibrational

states in disordered systems

1 Introduction

Amorphous materials have common peculiarities at low
temperatures. In particular the heat capacity depends lin-
early on temperature and the thermal conductivity shows
a square temperature dependence, quite different from
crystalline solids. Anderson, Halperin, Varma and, inde-
pendently, Phillips [1] introduced phenomenological tun-
neling systems (TS), i.e. low-energy excitations, to explain
those anomalies. Despite the great success of this model to
explain various low-temperature properties, the nature of
these excitations remains unclear as well as their peculiar
distribution in energy.

In particular, a large amount of amorphous and disor-
dered materials investigated in the past 30 years indicate
a striking universality. From their low-temperature prop-
erties one obtains that the ratio

Povy?

s (1)

where Py denotes the density of states of TS, v the cou-
pling constant of TS with phonons, v the sound veloc-
ity and p the mass density. The inequality in (1) reflects
the fact that nearly all amorphous and disordered sys-
tems, independently on their composition, show glass-like
properties at low temperatures that indicate similar den-
sity of states (Pp=1...8 x 1038 J=1g~! for non-annealed
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disordered systems) and coupling constant (y ~ 0.2... ~
1 eV for longitudinal phonons) [2].

The magnitude of the glass-like anomalies depends on
Py and on the coupling <, reaching, but not exceeding
C ~ 1073, In other words, we can find amorphous or disor-
dered systems, that due to their previous thermal history,
for example, show weaker glass-like anomalies, i.e. a small
value of C. But it has not yet been possible to find (bulk)
systems with C' > 1073 or with a density of states P,
much larger than for vitreous silica, for example. This is
actually the striking universality that a microscopic foun-
dation of the tunneling model should clarify.

The aim of this work is to study the thermodynamic
properties of small-size systems, i.e. systems that due to
their small dimensions may provide some hints on the na-
ture of the universality mentioned above. One can con-
clude using the arguments of the recently published the-
ory of Burin and Kagan (see [3] and also the discussion
in [4]) that Py should be larger for smaller samples if the
nature of P, is related to the elastic interaction between
initial two-level systems (TLS) or initial “defects”.

The small-size systems used in this work are prepared
from powders of micro or nano size grains agglomerated by
an external pressure. Since the coupling between different
grains is much smaller than that within the same grain the
effective size reduces to the size of the single grain. Our
experimental data prove that the density of the low energy
excitations strongly increases for the low size grains with
respect to the bulk sample. As it follows from the heat
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release measurements this effect is related to tunneling
excitations and can be interpreted as an increase of their
density Py. We note that this effect can be due to the
change of the interaction between TLS in low size samples
but also due to the effect of the large internal surface of
the small grain materials under study.

The paper is organized as follows. In the next section
we provide an introduction on the theoretical ideas and
results of the interaction theory [3]. In Section 3, details
on the experiments and samples characteristics are given.
Section 4 is devoted to describe the results and Section 5
we discuss them. The conclusion is given in Section 6.

2 Theoretical introduction

Tunneling states in dielectric amorphous solids cou-
ple strongly with long wavelength excitations (acoustic
phonons). It is assumed that a consequence of this cou-
pling is an interaction between TS according to the law

U(R) ~ Uy/R. 2)

In three dimensions d = 3. The importance of dipolar
strain interaction between TS was already proposed by
Klein et al. [5]. Yu and Leggett [6] went beyond the as-
sumption of individual tunneling entities and proposed a
scenario for the formation of the universality of the low-
temperature properties of glasses based on the picture of
defects interacting according to the law 1/R3. This sce-
nario was intended to explain the quantitative universal-
ity of the thermal conductivity at low temperatures found
experimentally by Freeman and Anderson [7], observed
also in the acoustic properties of amorphous solids. Actu-
ally, the internal friction @~! and the logarithmic slope of
the temperature dependent sound velocity dIn(v)/dIn(T)
are determined by the product of the TS density Py and
their 1/R? interaction constant Up. The universality of
this product leads to the empirical law

1
P()O(—'

. (3)
Recently, Burin and Kagan [3] showed that the nature of
the low-energy excitations is derivable from the model of
1/R? interacting initial defects. They construct a renor-
malization group approach to investigate the low-energy
excitations. The scaling parameter of their theory is the
effective size R. This size represents the effective radius
of the interaction. The long-range character of the inter-
action provides the logarithmic dependence of the density
of states Py on the maximum radius or system size L

P(A, Ag) = Po/ Ao, (4)

with

10—2

Pom————
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(5)

The parameters A and Ay stand for the asymmetry of
the double-well potential and tunneling amplitude of TS

respectively, and a is the characteristic minimum distance
which can be of the order of the interatomic one. Equa-
tion (4) has been introduced phenomenologically in [1]
as a basic assumption of the tunneling model to explain
the anomalous properties of amorphous solids. Within the
renormalization group analysis developed in [3], this de-
pendence of the density of states on the tunneling ampli-
tude (and its independence on the asymmetry, see Eq. (4))
has been obtained with the density of states Py defined
in equation (5). It has been argued that equation (5) de-
scribes the universality of the anomalous glassy properties
both quantitatively and qualitatively, because it explains
the universality of the product PyUy ~ 10~3 observed in
glasses, with Uy ~ v2/pv?.

It is important that this distribution of the low-energy
excitations is only weakly sensitive to the properties of
the system without interaction; only the parameter a en-
ters in the expression for Py. This is compatible with the
experimental observation that very different glasses show
similar properties. However, this universality appears for
some minimum size of a system L, > a. For smaller size
the density of states can strongly differ from that pre-
dicted by equation (5) as well as the dependence of the
distribution function of the excitations on the tunneling
amplitude can be different from the one given by equa-
tion (4).

The maximum radius R, for the interaction between
TS can be defined by the sample size L at low enough tem-
peratures, or by the temperature dependent correlation
radius

Ry o (Up/T)Y3, (6)

For a bulk sample Ry ~ 10 nm at 7' ~ 1 K. Note that the
presence of an enhanced internal surface can increase this
estimate.

If the distance between defects is larger than the ther-
mal correlation radius R, then the interaction energy is
smaller than the thermal energy and no significant influ-
ence on the thermal properties of the system should be
observed. If the temperature is low enough (T" < %) then
the maximum radius R,,.. is equal to the size of the sam-
ple L. Consequently, the properties of the system may
become sensitive to the size of the sample.

To be precise, the theoretical results mentioned above
are related to the radius of the interaction and not to
the system geometrical size. The effect of the internal sur-
face may be remarkable. The surface can have its own
type of two-level excitations like itinerant dangling bonds
which can be much more mobile under the conditions of
a free-volume like surrounding than within the bulk. This
restricts the direct use of the theory of reference [3].

The materials used in this work have unusual prop-
erties not completely covered by any existing theory. The
experimental results shown in this work will stimulate fur-
ther theoretical work to explain the behavior of this class
of systems.
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Table 1. Samples names and characteristics. & = msio, /Mtotal is the mass fraction of SiO2 in the mixture. All powder samples
were compacted with a pressure of 1200 bar, with expection of sample S5, which pressure was 40 bar (LP: low pressure).

Samples Particle size m (g) o mres (8) mres (8) Miotar (8) Remarks
SiO2 (um) SiO2 (powder) (total)

S1 0.02 9.9 50% 9.9 20.9 30.8 Vitreous Silica 4+ Teflon

S2 0.004 9.3 50% 9.3 19.5 28.8 Vitreous Silica + Teflon

S3 0.02 2.0 14% 11.9 194 21.4 Vitreous Silica + Teflon

S4 20 13.9 50% 13.9 24.7 38.6 Quartz + Teflon

S5 20 8.7 50% 8.7 20.0 28.7 Quartz + Teflon (LP)

S6 5 10.2 50% 10.2 20.7 30.9 Quartz + Teflon

S7 1 13.1 50% 13.1 23.7 36.9 Quartz + Teflon

S8 1 14.0 % 4.6 14.4 28.6 Quartz + Teflon

S9 - - - 20.9 28.1 28.1 Teflon

Vi1 - 19.0 0% - 8.3 27.3 Vycor (Pore radius ~ 3 nm)

T . i powder was 50% for samples S1 and S2, whereas o ~ 14%

EE; Z‘esﬂig; (20 nm) + Teflon for Sample_ S3. .
{©) a-Si0, (20 nm) The mixture and press procedure has been carried out

Intensity (arb. units)

40
2 © (degrees)

20 80

Fig. 1. X-ray diffraction patterns for the: Teflon powder (sam-
ple S9, curve (a)), amorphous 20 nm SiO2 grains (as-received,
curve (c)), and the pressed mixture (sample S1, curve (b)). The
intensity of each curve has been arbitrarily scaled to facilitate
comparison.

3 Experimental details
3.1 Sample characteristics

For our measurements we have used commercially avail-
able amorphous and crystalline SiOs powders. The sam-
ples S1, S2 and S3 were prepared with vitreous silica
a-SiO9 powders with typical size of 4 nm and 20 nm [8],
see Table 1. The powders were supplied as a water dis-
persion. The water has been removed by vacuum drying
before the measurements.

Figure 1 shows the X-rays diffraction pattern taken
from the 20 nm powder alone (curve (c)). We clearly see
the typical amorphous halo. We stress that crystallites of
20 nm size would not produce this kind of pattern, but
clear discernible diffraction peaks with an average width
FWHM < 1 degree.

For the measurements in the calorimeter the pow-
ders were mixed with Teflon powder (typical particle size
6-9 pm [9]) and pressed (p = 1200 bar) into a Teflon con-
tainer (diameter 2 cm, thickness 0.1 cm, length 2—4 cm).
The mass fraction « of SiO5 in the mixture with the Teflon

at atmospheric conditions; thus, from the preparation it
cannot be excluded that some rest gas (oxygen and nitro-
gen) remained in the samples. However, we can estimate
the free volume for these gases for the different samples
and we found that there is no correlation of this volume
with the observed experimental anomalies, although the
density of the samples has been varied by nearly 80% up
to the density of Teflon (p ~ 2.2 g/cm?®). We have cho-
sen Teflon as matrix because its heat release is small (see
below) and, at the temperatures of our measurements, it
provides good thermal coupling and a thermal diffusion
time appropriate to our purposes.

In Figure 1 we show also the X-ray patterns of
the pressed powder with Teflon and of Teflon alone. It
should be noted that the used Teflon is not completely
amorphous but consists of approximately 50% crystalline
portion. Teflon as well as the a-SiOs powders do not
change basically their X-ray patterns after pressing them,
see Figure 1.

The samples S4 to S8 were prepared by mixing the
Teflon powder with a crystalline quartz powder. The as-
received powder was 99.5% SiOs [10] with a typical par-
ticle size of 20 + 10 pm [11], samples S4 and S5. The
particle size of this quartz powder was further reduced by
ball milling to 5 £ 3 pm (3 h milling, sample S6) and
1 4+ 0.5 pm (12 h milling, samples S7 and S8). These are
the mean particle sizes of the grains with the largest con-
tribution to the volume of the sample. Our measurements
of the grain size distribution show that a non negligible
number of grains have smaller size (a factor five to ten
smaller).

Figure 2a shows the X-ray diffraction pattern of the as-
received 20 pm quartz powder alone (unpressed) and the
pressed mixture with Teflon. From the X-ray pattern, we
note that the as-received grains of the quartz powder are
of very good crystalline quality. The relative small FWHM
of the X-ray peaks and the clear splitting due to the Cu-
Ka radiation for the peak at 26 ~ 36.6°, for example (see
Fig. 2b), indicate that the crystallites have a negligible
amount of lattice distortions or lattice defects.
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Fig. 2. (a) X-ray diffraction patterns for the crystalline 20 ym
SiO2 powder (as-received) and the pressed mixture with Teflon
(sample S4). (b) Part of the pattern around 36.6° for the same
samples as in (a) including sample S5.

After pressing the quartz powder with Teflon (sam-
ple S4), the crystallites reveal a clear enhancement of the
FWHM due to lattice deformation, see Figure 2b. In the
same figure we show the diffraction peak for the same as-
received quartz powder but pressed with the Teflon pow-
der using 30 times lower pressure (40 bars, sample S5).
Within the resolution of our X-rays diffractometer (X’pert
from Phillips) no remarkable difference in the FWHM can
be recognized between the quartz powder alone and that
from sample S5.

Micrographs of different parts of the pressed quartz
samples (S4-S8) reveal that the grains are embedded com-
pletely by Teflon without any sign of cluster formation.
Micrographs from samples S1-S3 reveal a rather homo-
geneous “paste”, in which the nm small grains cannot be
recognize due to the resolution limit of the scanning mi-
Croscope.

As expected, milling introduces defects in the atomic
lattice of the quartz grains, in addition to those produced
by the high pressure used for pressing the mixture. This
is clearly seen from the enhancement of the width of the
diffraction peak at 36.6°, see Figure 3.

The Vycor sample [12] has a porosity of 30% and an
average pore radius ~ 3...4 nm [13]. The surface to mass
ratio is ~ 100 m?/g. Three cylinders with a diameter of
18 mm have been cut from a 1 cm thick Vycor sheet and
put into a fitting Teflon container which has been closed
under vacuum at room temperature to avoid gas inclusion.

3.2 Experimental methods

According to the standard tunneling model both proper-
ties, the specific heat C'(T') and the heat release per sam-
ple volume Q = dQ /dt, are proportional to the density of
states of the low-energy excitations Py according to the
relations which hold for Ty < t < Timin/u,;, ~ 101% s
at T < 1K (see for example Refs. [14-16])

C ~ (72 /12)kET Py In(66.24 AT?t), (7)
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Fig. 3. X-ray diffraction patterns around 36.6° for the crys-
talline 20 pm SiO2 powder (as-received), curve (a), and for the
5 pm (curve (b)) and 1 pm (curve (c)) powders obtained by
ball-milling.
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derived taking into account the dominant phonons only
[17], and

)~ T 2Py (T2 - T?) & 8
O~ T RR (T2 -TY) L 0
The parameter umi, < 1079 is introduced as a cutoff
to keep the number of TS finite; 77 is the “charging”
or equilibrium temperature of the sample before cool-
ing to the measuring temperature 7' and ¢ is the time;
A~ 85 x 10" sTIK™3/k% o« 42 is a parameter that de-
pends on the coupling constant v between phonons and
TS.

We should stress that equation (8) usually applies for
charging temperatures 77 < 2 K [15]. At higher charging
temperatures, high order processes and/or thermally acti-
vated relaxation overwhelm the tunneling mechanism. In
this case and at high enough T3 the heat release saturates
as a function of T [15,16].

If the theory of interacting TLS were correct, the den-
sity of states Py should be influenced by the particle size
and we could hope to find an effect on both properties.
Note that in the time and temperature scale of our exper-
iments the heat release is the only property that allows a
direct measurement of the density of states of TS without
any free parameter, in contrast to the specific heat where
the value of the averaged coupling constant between TS
and phonons is needed, see equation (7). At longer times,
however, both properties depend on the value of Uiy
[14,16], i.e. the finite number of TS produces a down-
ward deviation from the 1/t dependence in Q The pos-
sibility of using the heat release at very long times to
obtain an estimate of the parameter w,,;, has been dis-
cussed in references [14,16]. The soft potential model and
for long enough times ¢ >> 7,,;, predicts a slightly different
time dependence for @) as that given by equation (8), i.e.
1/t — 1/[tIn*?(t/Timin)] [18]. Precise heat release mea-
surements over 3 to 4 decades in time would be necessary
to distinguish between the time dependencies predicted by
the models. For our purposes, we restrict ourselves to the
use of the standard expression (8).
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For both kinds of measurements, the specific heat and
the heat release, we have used the same experimental
setup. The specific heat was measured when the heat re-
lease was negligible. The workable temperature range for
the specific heat measurements was 0.1-1 K. The specific
heat was measured mostly with a semi adiabatic heat pulse
technique. The time dependence of the sample temper-
ature after application of the heat pulse follows an ex-
ponential decay which can be fitted with a single time
constant in the temperature range reported in this work.
All the measurements of the specific heat as well as the
time response of the system indicate that the thermal dif-
fusion time within the sample was shorter than the one
measured between sample and bath. An example of the
time dependence of the sample temperature at and after
the application of the heat pulse is given in the inset of
Figure 6, see below. A similar time dependence within and
after applying the heat pulse has been observed for sam-
ples prepared with different pressures. If part of the em-
bedded grains would be poorly thermally coupled to the
Teflon, the results obtained here would provide a lower
limit for the specific heat of the small grain systems.

All the heat release measurements have been carried
out at a measuring temperature of 7= 200 mK. For more
details on the heat release method and its experimental
setup see reference [15]. The long-time stability of the
mixing chamber temperature was better than 0.15 mK.
As thermometer two previously calibrated RuOg thin film
resistors [19] were used. The measurements have been car-
ried out in a top-loading *He/*He dilution refrigerator.

4 Experimental results

4.1 Teflon

As mentioned above, we have selected Teflon as
sample holder as well as the medium for the
thermal contact between the vitreous silica (or

quartz) grains. The specific heat and heat release
of Teflon (sample S9, see Tab. 1) are shown in
Figure 4. For comparison we show also in Figure 4b
the corresponding results for bulk a-SiOy (Suprasil W)
taken from [20]. The specific heat of Teflon shows a
T3 dependence down to 300 mK, see Figure 4a. The
deviation from this law is due to the contribution of
TS given by an additive linear term. As expected, this
contribution is smaller than for a-SiOs, because the
Teflon sample was not completely amorphous as shown
by X-ray diffraction, see Figure 1. The contribution of
Teflon, considered as background, has been subtracted
from the measurements described below. Because the
overall specific heat of Teflon is larger than of a-SiOs,
this subtraction diminishes the resolution for the deter-
mination of the specific heat of the composites, specially
at T ~1K.

The reason for using Teflon as binding matrix be-
comes clear from the results of the heat release shown
in Figure 4b. The heat release of Teflon measured at
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Fig. 4. (a) Specific heat of the pressed Teflon powder in-
cluding the Teflon sample holder, as a function of tempera-
ture, obtained using relaxation and puls methods. The straight
dashed lines follow a T° and T dependence. The solid line
is a fit of the experimental data, that was used as a back-
ground line to be subtracted from the measurements of the
specific heat of the composites. (b) Heat release as a function
of time for Teflon (lower curve) and for bulk a-SiO2 (close
circles taken from Ref. [20], upper curve) for a charging tem-
perature 77 = 80 K measured at 7' = 0.2 K. The straight line
follows a ¢t~ '-dependence.

T = 200 mK and after cooling for a charging tempera-
ture 71 = 80 K is much smaller than for bulk a-SiO,.
This small heat release allows a precise measurement of
the heat release of the composites, when the mass fraction
a is not so small, i.e. @ > 20%. Assuming that the ratio
Qt =10%s,T1 = 1K)/Q(t =10*s,T1 = 80K) ~ 5x1074
measured for bulk a-SiOg, applies also for Teflon, then we
would have a heat release Q(t > 10* s) < 107* nW/g,
which is below the resolution limit of our measuring sys-
tem.

4.2 Amorphous SiO; grains embedded in Teflon

Figure 5 shows the heat release of the composites 20 nm
and 4 nm a-SiO; grains with Teflon, samples S1 to S3, as
a function of time for two charging temperatures. Due to
the small a-SiO5 mass in sample S3, it was not possible to
measure its heat release for 77 = 1 K. All the data shown
in Figure 5 and of samples with SiO grains (amorphous
or crystalline) shown below are normalized by the mass
of the SiOy grains only. The contribution of the Teflon
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Fig. 5. (a) Heat release as a function of time for a charging
temperature 77 = 1 K measured at T = 0.2 K for sample
S1 and S2. The dashed lines follow a t~! dependence, as well
as the continuous line below obtained for bulk a-SiO2 [20]. (b)
The same as (a) but for a charging temperature 71 = 80 K and
including the results for sample S3. The straight line indicates
the heat release obtained for bulk a-SiOs.

matrix and sample holder to the specific heat and heat
release has been always subtracted with exception of the
data of the heat release at 77 = 1 K, where their contri-
bution has been considered as negligible, as follows from
the measurements of sample S9. We note that the heat
release for samples S1 and S2 and for 77 = 1 K is much
larger (up to 40 times) than for bulk a-SiO,.

Figure 6 shows the specific heat as a function of tem-
perature for the samples S1 to S3. We found a strong
increase of the specific heat below 1 K in comparison to
bulk a-SiO5. For these samples the specific heat is up to
50 times larger than for bulk a-SiO5 at the lowest temper-
atures. Note that although similar specific heat has been
measured for samples S1 and S2, a difference is observed
in the heat release, see Figures 5a and 5b. Moreover, the
difference between the two samples is qualitative different,
i.e. sample S1 shows a three times larger heat release than
S2 for T7 = 1 K but it is 30% smaller for 77 = 80 K. This
difference can be ascribed, at least partially, to the differ-
ence of charging time used for sample S2: 10 h in com-
parison with 24 h charging at 77 = 80 K used for sample
S1. Another possibility to interpret this difference may be
related with the actual grain distribution. Although the
nominally 20 and 4 nm average grain size provided by
the company may be correct, it cannot be ruled out that

grains with 4 nm and 20 nm particle sizes. The contribution of
the Teflon matrix and sample holder was subtracted and only
the mass of the grains was taken into account. (Hll): Sample S1,
(o): sample S2, (x): sample S3, the dashed line is only a guide
to the eye. The upper straight line follows a linear temperature
dependence. The lower continuous line represents the results
for bulk a-SiO2 (Suprasil W data taken from [21]). The inset
at the upper part of the figure shows the time dependence of
the sample (S1) temperature at and after the application of
the heat pulse. The temperature after the heat pulse follows
an exponential decay law with a single relaxation time 7.

their distributions may overlap. According to our mea-
surements, the reproducibility of the heat release results
for samples prepared under similar conditions and with
the same powder is within the scattering of the data.
From the measurement of the heat release we have
the possibility to check the contribution due to tunneling
systems to the thermodynamic properties. We know that
at the charging temperature of 1 K equation (8) applies
[15,16]. Indeed, the samples show approximately the pre-
dicted 1/¢ dependence for the heat release (see Eq. (8)).
Furthermore, the density of states Py obtained from these
measurements is similar to that deduced from the spe-
cific heat. The calculated density of states Py is shown in
Figure 7 as a function of the average radius of the SiOq
grains. The measured t- and T-dependence of the heat re-
lease and specific heat and the similar density of states
calculated from these properties indicate that the anoma-
lies are due to the contribution of tunneling systems. The
obtained density of states for these samples is strongly
enhanced in comparison with bulk a-SiO, see Figure 7,
indicating a clear deviation from the universality of P,
observed for bulk amorphous and disordered systems.
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Fig. 7. Density of states of tunneling systems Py as a function
of the typical particle size, calculated from the approximately
linear temperature contribution to the specific heat (e, using
Eq. (7) with the same value of the parameter A and with ¢t =
10 s), and from the time dependence of the heat release at
T = 200 mK with a charging temperature 77 = 1 K (x).
The samples with 20 nm and 20 um grain size were charged
24 hs, the sample with 4 nm grain size only 10 hs. This may
reduce the density of states obtained from the heat release
measurements in comparison with the value obtained from the
specific heat. The dashed area denotes the values obtained from
a-SiOg thin films from [4]; the width of this area is the error in
the determination of Py from the slope of the sound velocity.
The dashed line is given by Py = 2.2 x 10* [1/Jg]/ In(10*R),
where R is the grain size in pm.

If we neglect any strain interaction between the grains
through the Teflon matrix, we would expect that Py re-
mains unchanged as a function of the distance between
a-Si0s grains. In Figures 5b and 6 we show the re-
sults obtained for sample S3, that was prepared with the
20 nm grains with a weight ratio between SiO5 and Teflon
a ~ 14 %, We observe that both properties show clear
changes, indicating that the density of states of low-energy
excitations tend to decrease in comparison with samples
S1 and S2. Note also that the T-dependence of the specific
heat deviates from a simple linear dependence as observed
for samples S1 and S2 and for vitreous silica. A discussion
of these and other results will be given in the next section.
In the next subsection we present the data of composites
prepared with quartz powder (samples S4-S8).

4.3 Quartz grains embedded in Teflon

According to the published literature, crystalline bulk
SiOy without any irradiation, shows no or negligible evi-
dence for low-energy excitations. To the best of our knowl-
edge, thermodynamic properties of quartz samples with
dimension in the micrometer range have not been reported
yet. As we shall discuss in the next section, a lettered
reader may tend to correlate the rather extraordinary in-
crease of the specific heat decreasing the grain size with,
for example, a fracton contribution as found in aerogels
(see for example [22,23]). One may also tend to correlate
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Fig. 8. Specific heat as a function of temperature for sample
S5 (20 pum quartz grains embedded in Teflon pressed with low
pressure, (o)) and sample S8 (1 pum quartz grains (<)). We
include also the results of the specific heat obtained for samples
S4, S6 and S7. The continuous line is obtained for bulk a-SiOa.
As always, the contribution of the Teflon matrix and sample
holder was subtracted and only the mass of the grains was
taken into account.

the observed effects in the composites to surface contribu-
tion at the grains, or to an intermediate layer in the Teflon
and between the SiOs-grains. The measurements on small
quartz particles shown below and, in the next section, on
Vycor were stimulated from those speculations. As we will
see below, the results with quartz particles clarify only
partially these open issues.

Figure 8 shows the temperature dependence of the spe-
cific heat for the samples S5, S7 and S8. For the samples
S4 and S6, data were taken only in the temperature range
0.2 K to 0.3 K. Within the error, the data for samples
S4 and S5 coincide with the curve measured for bulk a-
Si04, whereas samples S6, S7 and S8 show a larger specific
heat. In order to assure that this anomalous large specific
heat (for quartz) is due to the contribution of TS, we
have measured the heat release for samples S4 and S5, see
Figure 9a. At a charging temperature 773 = 1 K only tun-
neling relaxation is important, therefore any difference ob-
served between the heat release of different samples can be
related directly to a change in the density of states of TS,
see equation (8). In good agreement with the specific heat
results (see Fig. 8) the 20 um quartz grains embedded in
Teflon (sample S4) indicate similar density of states of T'S
as bulk a-SiOs.

Decreasing the size of the quartz particles by ball
milling to an average of 1 um (samples S7 and S8), the spe-
cific heat increases in our temperature range and shows a
temperature dependence similar to that obtained for sam-
ple S3, compare Figures 6 and 8.

All the samples discussed above were prepared by
applying a pressure of 1200 bar to compact the com-
posite. Taking into account the well-known contribution
of fractons to the specific heat of aerogels [22,23], we
have performed measurements on a composite sample pre-
pared applying much less pressure. If the specific heat
of a composite increases due to a fracton contribution,
the heat release should not change since according to
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Fig. 9. (a) Heat release as a function of time for a charging
temperature 77 = 1 K measured at T' = 0.2 K for the quartz
samples S4 (e) and S5 (©). The straight line follows a ¢~ de-
pendence and corresponds to bulk a-SiO;. (b) The same as (a)
but for a charging temperature 71 = 80 K and for samples S6
(o), S7 (x,0) and S8 (—). The heat release of sample S7 was
measured twice at different runs to check for the reproducibil-
ity of our measurements. The straight line indicates the heat
release obtained for bulk a-SiOs.

our assumptions, it is only due to the relaxation of TS.
For this purpose we have prepared sample S5, using the
same quartz powder as for sample S4 but applying 30
times less pressure. The results are shown in Figures 8
and 9a. Due to the relative smaller amount of SiOs pow-
der in sample S5 and the large specific heat of the Teflon
matrix, the specific heat data of sample S5 have a large er-
ror, see Figure 8. We tend to conclude, nevertheless, that
the specific heat of the low pressured sample S5 remains
similar to sample S4 and to bulk a-SiO5. The heat release,
also, does not change within the error, see Figure 9a. This
result indicates that lowering the density of the sample
by applying less pressure, no additional excitations con-
tribute to the specific heat or to the heat release.

The heat release for different quartz grains (samples
S4 to S8) and for a charging temperature 73 = 80 K is
shown in Figure 9b. We observe that the heat release for
samples S4 and S6 is smaller by a factor of two than for
bulk a-SiOs, and it is even smaller for the 1 pm quartz
grain (samples S7 and S8). Note that the heat release with
charging temperature 77 = 80 K is smaller the smaller the
quartz particle, whereas the specific heat increases, com-
pare Figures 8 and 9b. We should stress again that at
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Fig. 10. Specific heat as a function of temperature for Vycor
(M), (©): sample S1, (x): sample S2. Taken from reference [22]
we show the data of the samples: (o): BC 0.87, (e): BC 0.27,
(4+): A-NC 0.36, (A): A-NC 0.12. The continuous line corre-
sponds to the specific heat for bulk a-SiOs.

charging temperatures 77 > 5 K no simple correlation be-
tween Q and Py can be assumed due to the contribution
of high-order relaxation processes of the low-energy exci-
tations and the influence of the cooling procedure [15,16].
Nevertheless, the data obtained for the quartz grains in-
dicate indeed a surprisingly similar distribution of energy
and relaxation time as for bulk a-SiOs.

4.4 Vycor

A way to clarify if Teflon and/or of a Teflon layer between
the grains has a significant contribution to the observed
anomalies, is given by the measurements on Vycor. Due
to its low density and porous medium, it can be expected
that if TS (and not “fractons”) provide the main contri-
bution to the thermodynamic properties of the composite,
an enhancement of (Q and C relative to bulk a-SiO4 should
also be observed.

A large enhancement of the specific heat (of the order
of 100), as observed for our smaller amorphous grains,
has been observed in silica aerogels [22,23]. These samples
have a mass density at least ten times smaller than for bulk
a-SiOs. de Goer et al. [22] interpreted these data in terms
of fractal networks. They concluded [22], however, that in
silica aerogels tunneling systems cannot be the origin of
the enhancement of the specific heat.

For the small density aerogels and taking into account
the available volume of these samples and in our arrange-
ment, it is not possible for us to accurately measure the
heat release of similar aerogels. Therefore, we have chosen
Vycor for these studies.

Figure 10 shows the temperature dependence of the
specific heat of Vycor (sample V1). The specific heat is
larger than for bulk a-SiO5 by a factor of ten and coincides
with that measured for sample BC 0.87 from [22] at T’ >
0.3 K, see Figure 10. For comparison we show in the same
figure the specific heat data for the samples S1 and S2 and
for the low-density aerogels taken from [22]. Taking into
account the common interpretation of the specific heat in
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Fig. 11. Heat release as a function of time at 7' = 0.2 K for
Vycor obtained charging the sample at a temperature 71 = 1 K
for 24 hs (e), 15 min (O), and of sample S2 (<). The dashed
line follows a ¢! dependence. The straight line is the heat
release for bulk a-SiOz. (b) The same as (a) but for a charging
temperature T1 = 80 K for Vycor (O,e) and for sample S2
(©). The straight line is the heat release for bulk a-SiO.

low density silica samples [22] one would tend to conclude
that in Vycor other kind of excitations like fractons may
contribute to the specific heat.

However, the heat release clearly indicates that the
contribution of TS is not negligible. Figure 11 shows the
heat release at T = 200 mK for two charging temperatures
Ty =1 K and T3 = 80 K. For T} = 80 K, the heat release
of Vycor is larger than for bulk a-SiO5 by a factor two and
shows a 1/t dependence, as expected from the tunneling
model with a broad distribution of TS-energies and relax-
ation times. Note that the heat release of Vycor is larger
than for all the other measured samples, see Figure 11b.

Charging sample V1 at 77 = 1 K, the heat release fol-
lows a 1/t-dependence at t > 7 x 103 s, being 10 times
larger than for bulk a-SiO9, see Figure 11a, in very good
agreement with the specific heat indicating an enhanced
density of states of TS. Certainly, this result casts some
doubts on the interpretation of the enhancement of the
specific heat in terms of fractal-like excitations. A further
support for a T'S contribution to @ is provided by its de-
pendence with the charging time. As seen in Figure 11a,
@ decreases decreasing the charging time, as we would
expect from the tunneling model.

5 Discussion

The discussion is organized in two parts. In the next sec-
tion we discuss the obtained results within the predictions
of the interaction theory from Burin and Kagan [3] as-
suming a sample size dependence of the density of states
of TS. The results obtained for the quartz grains embed-
ded in Teflon reveal a more complicated picture than the
simple one presented in the first part. Therefore, the role
of surface defects as well as Teflon will be discussed in
the second part of the discussion, taking into account the
results of Vycor.

5.1 Sample size dependence of the density
states of TS

The stability requirement for the low-energy state consid-
ered for the first time by Efros and Shklovskii [24] en-
sures the universal dependence of the density of states
on the system size at sufficiently low temperatures. For
a 1/R® interaction this dependence is logarithmic (see
Eq. (5)) if the system size is larger than some intermediate
length L,.

Let us discuss the experimental data from this point of
view. The decrease of the density of states of excitations
with increasing grain size agrees with theoretical pictures
based on the long-range interaction between some initial
entities with internal degrees of freedom. For the depen-
dence of that spectral density P, on the grain size (see
Fig. 7) Burin-Kagan theory predicts a logarithmic behav-
ior. However, and within the scattering of the data, the
nearly two orders of magnitude difference between the Py
for the bulk sample and for the small amorphous grains
can not be simply explained by the weak logarithmic fac-
tor, see Figure 7.

A source for the large increase of the density of states
can be the polydispersion of grains. The fraction of grains
with size L < L, may have a larger density of excitations
and contribute significantly. Note also that the effect of
correlations between various grains may complicate the
expected dependence because the concentration of grains
is rather high and some may touch each other. This and
polydispersion may have also an influence on the tem-
perature dependence of the specific heat: Note the devia-
tion from the linear temperature dependence in Figure 6,
as well as the larger heat release obtained for the 20 nm
grains at 77 = 1 K, see Figure 5a. In future experiments
the discrimination between various mechanisms should be
solved using perhaps mono dispersive grains with smaller
concentration, so that the correlations between them can
be neglected. In the absence of correlations the heat ca-
pacity as well as the heat release should increase linearly
with the number of grains.

Note also, that the apparent decrease of Py decreasing
the density of a-SiO2 grains in Teflon (sample S3) seems
to contradict the simple expectation based on the inter-
action theory: A larger distance between grains should
increase Py if the interaction between TS from differ-
ent grains plays the main role. Certainly, the presence of
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Teflon for the latter sample can modify the interaction
constant Uy. Strictly speaking a decrease of Uy can be ex-
pected since Teflon is softer than SiOs and the density of
acoustic phonons in SiOs grains might be reduced.

Recently published measurements of the sound veloc-
ity of thin a-SiOs films at very low temperatures show
a slightly larger quasi-logarithmic slope as a function of
temperature as for bulk a-SiO3 [4]. These data may indi-
cate that the thickness of those films influences the density
of states Py, assuming that the increase of the slope of the
sound velocity (proportional to the product Pyy?) is due
to a change in Py. These results are enclosed in the shaded
area of Figure 7, where the height of the area represents
the error in the determination of the slope.

At this stage of the discussion we may conclude, there-
fore, that the enhancement of the specific heat is appar-
ently caused by a variation of the density of states of the
tunneling systems with the sample size characterized by
the typical diameter of the samples, and that this enhance-
ment may be understood qualitatively within the Burin-
Kagan theory [3]. However, several questions remain open,
as for example: (a) in amorphous grains as small as 4 nm,
can one still assume to have a large enough number of TS
within the grain that allow the application of the Burin-
Kagan theory? (b) Why the mixture of small quartz grains
with Teflon shows similar or even larger heat release and
specific heat as bulk a-SiO2? Evidently the contribution
of the surface of the grains and/or Teflon should be care-
fully taken into account before an interpretation for the
observed sample size dependence of the measured low-
temperature properties is given. This is discussed in the
next section.

5.2 Contribution of Teflon and surface effects
to the measured properties

Besides the striking increase of the density of states of TS
in small amorphous grains of SiO5 observed by the heat
release and specific heat, the second and surprising result
of this work is related to the glass-like thermodynamic
properties of the micrometer large crystalline SiO9 grains
depicted in Figures 8 and 9.

It is tempting to correlate the glass-like properties of
the quartz grains to a large number of defects of the grains.
This does not seem quite plausible if we take into account
the X-ray data. From the results shown in Figures 2 and 3,
specially the Ka-splitting of the peak observed at 36.6°
and the relatively small FWHM, we conclude that the
20 pm quartz powder consists of almost perfect crystal-
lites with negligible amount of defects in their crystalline
structure.

One may also argue that the high pressure used to
prepare the composite produces enough distortion of the
lattice and therefore generating tunneling defects, see the
X-ray data in Figure 2b, similar to the generation of de-
fects due to ball milling as observed by the increase of the
FWHM in Figure 3. However, the thermodynamic data do
not support this interpretation: The 20 pm quartz powder

embedded in Teflon with high (sample S4) and low pres-
sure (sample S5) shows, however, similar specific heat, see
Figure 8, and heat release, see Figure 9a.

What about the contribution of Teflon in the compos-
ite? We have shown that Teflon alone and pressed with
the same procedure as for the composites, does show a
much smaller heat release than all other measured sam-
ples, see Figure 4b. Also the possibility that the degree of
polycrystallinity of Teflon is changed due to the mixing
with the powders is not supported by the X-ray data, see
Figures 1 and 2a. The large increase of the heat release of
Vycor in comparison with bulk a-SiOs, an increase of the
order of that observed for the composites, see Figure 11,
clearly indicate that Teflon cannot be the reason for the
larger density of states of TS in the amorphous grains as
well as for the glass-like thermodynamic properties of the
quartz grains. The comparison of the results of Vycor and
the samples S4 and S5 indicates that a composite pre-
pared with low density (i.e. at relatively lower pressure)
does not seem to show contributions from other excita-
tions than TS in the specific heat and heat release, see
Figures 8, 9a, and 10. From all these results we would
conclude that a “special” Teflon layer between the grains
is probably not the cause for the anomalies we observe.

A probable cause for the glass-like low-temperature
properties of the quartz grains, as well as for the en-
hancement observed for the amorphous powder, may be
attributed to the contribution of defects at the surface of
the grains.

The contribution of the properties of the surface of the
grains should be even more important the smaller their
dimension. Then, one may believe that this would increase
the density of states of TS. It is nevertheless surprising
that the quartz grains show quantitatively similar values
of Py as bulk a-SiO3 or even larger (sample S7). We believe
that the interactions between the defects should also play
a main role in the crystalline samples in order to achieve
similar values of Py (as well similar T- and t-dependence
of the specific heat and heat release).

The increase of the density of states of TS with the
relative increase of the internal surface may be not neces-
sarily due to an increase of the defect density itself, but
to a change in the dimensionality of the interaction for
those surface defects. The arguments used in the last sec-
tion to try to explain the increase of Py by the decrease
of the interaction radius R would be here also applicable.
It should be noted, that a correlation between density of
states and sample surface is implicitly included in the be-
havior shown in Figure 7 if we plot it as a function of the
ratio of the sample mass to surface (x R). In this case
also the results of Vycor would support this dependence
using the ratio of 0.01 g/m?.

Finally, we would like to discuss briefly the results with
high charging temperature leaving by side the question on
the nature of the TS in the quartz grains discussed above.
In Figures 5b and 9b we have shown the long-time heat
release with high charging temperatures (77 = 80 K). It
is well-known that the low-temperature heat release in
this case is mainly determined by high-order relaxation
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processes (e.g. thermal activation) which relax the TS at
relatively high temperatures (T' > 5 K) during the cooling
down procedure [15]. We find that in all samples the time
dependence of the heat release is slightly weaker than the
t~1-dependence predicted by the tunneling model. How-
ever, this has been found also in bulk samples and is of
minor interest for our present investigations. The interest-
ing conclusion we can draw from these measurements is
that the sample dimension influences the high-order pro-
cesses. This can be deduced mainly from the composite
with 1 pum quartz grains (samples S7 and S8) that show
a heat release that is half the value of a bulk sample, see
Figure 9b, but has a specific heat at T' < 200 mK nearly
ten times larger than for bulk a-SiOs, see Figure 8. Ad-
ditionally, for all samples the variation of the heat release
with sample size and high charging temperatures is weaker
than the variation of the specific heat, which also indicates
that the sample size has an influence on the relaxation
processes above 1 K.

According to theory, the increase of the interaction
radius with decreasing temperature leads to the formation
of complex TS containing many defects [3,25]. They have
very large relaxation times which increase exponentially
with increasing the number of defects. The density of TS
containing a small number of defects as well as the total
density of T'S decreases in accordance with the dipole gap
theory so that the heat capacity always decreases with
increasing the effective size L. Therefore, one expects an
increase of the density of TS having a larger relaxation
time increasing the size L, which ensures a larger heat
release. This observation would allow us to interpret the
behavior of the heat release and heat capacity for the 1 pm
grains sample, which shows smaller heat release as the
larger quartz grains.

6 Conclusion

Concluding, we have measured the specific heat and heat
release of small grains of amorphous and crystalline SiO9
and of Vycor. We have found a strong influence of the sam-
ple dimensions on both properties. The strong enhance-
ment of the specific heat and heat release decreasing the
particle size appears to be in qualitative agreement with
the framework of the Burin-Kagan theory of strongly in-
teracting tunneling systems. However, the unexpected re-
sults of the glass-like anomalies in quartz grains point out
that probably surface defects and their interaction may
play a mayor role in this enhancement. The heat release
results for Vycor clearly show that the contribution of T'S
is large.

Heat release measurements with high charging tem-
peratures (77 = 80 K) demonstrate the influence of the
particle size on the relaxation processes relevant during
the cool down of the sample. Although the interpretation
for the influence of the average distance between particles
is not yet completely understood, our results show the
wide applicability of the small particle system.

The experimental data demonstrates that the number
of two-level excitations can be verified experimentally in

the materials composed from powders of micro or nano
size particles. Note that in bulk amorphous solids the
density of TLS is sensitive to the melting or annealing
temperature (see [26] and references therein). One should
note that recent experimental data [27] proves that the
number of TLS can be lowered in thin films of a-SiO4 by
preparation in hydrogen atmosphere. Thus, all these and
our results show that the problem of control the num-
ber of the strongly anharmonic excitations like TLS can
be resolved by using systems of reduced dimensionality
or size. On the other hand, a comparison of the results
on amorphous thin films [4,28,29] with those obtained
on grains is not straightforward. In spite of the fact that
the slight increase of Py deduced from the sound veloc-
ity data obtained in reference [4] appears to agree with
the theoretical expectations, see Figure 7, we note that:
The interaction at distances less than the film thickness
would be defined by three dimensional phonons and be-
haves as U/ R?, whereas at larger distances it is defined
by two-dimensional phonons and decreases as Uy/LR2.
The interaction 1/R? is long range and would provide
similar TS-properties (like Pp) as observed for the bulk
samples, with exception of the energy dependence of the
relaxation rate of T'S because of the change in the phonon
spectrum [4]. Therefore, isolated grains of small dimen-
sions are preferable systems to test the prediction of the
interaction theory.

Two-level excitations have in general an anharmonic
nature [30]. They influence the internal friction in a wide
temperature range up to several hundreds degrees where
the character of their motion changes from tunneling to
thermally activated. Since the internal friction especially
near the surface is closely connected with the sliding fric-
tion [31] we would expect that the implications of our
work can provide some guide to control the contribution
of elastic instabilities to the sliding friction force which is
of important practical significance.
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