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Low-temperature behavior of vitreous silica containing neon solute
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The low-temperature specific heat, thermal-expansion coefficient, and thermal conductivity have

been measured in vitreous silica with and without Ne solute. Changes introduced by the Ne may be

attributed to an added population of localized excitations of unknown microscopic description.
These changes are similar to those introduced by the addition of K20, Na20, or 820 to vitreous

silica.

I. INTRODUCTION

Amorphous solids harbor a broad energy spectrum of
localized, low-energy excitations which dominate most
properties at temperatures T & 1 K. The specific heat C,
for example, varies as

C =AT"

with n = 1 whereas, in a dielectric crystal, C ~ T . An in-
teresting discovery was the reversible increase in the coef-
ficient A of Eq. (1) with the introduction of He or Ne
solute into vitreous silica. In the present paper, we inves-
tigate further the influence of Ne on the low-temperature
behavior of vitreous silica through measurements of
specific heat, thernial expansion, thermal conductivity,
and ultrasonic velocity. We find that addition of Ne to
Si02 has a similar effect as the addition, for example, of
K20. The results are presented in Sec. III. First we re-
view briefly two models proposed for the localized excita-
tions.

II. MODELS OF THE LOCALIZED EXCITATIONS

ing through the barrier between the two wells. The broad
spectrum of energies E required by experimental data
derives from a distribution in both b, and b,p. The tunnel-
ing model produces a two-level state (TLS); that is, a
ground state and an excited state at energy E, well
separated from higher energy levels E&. In pure vitreous
silica, ultrasonic data have demonstrated the presence of
"intrinsic" TLS excitations. ' Hence the tunneling-states
model is the better choice to account for the excitations
intrinsic to silica glass.

We now consider the He or Ne solute in vitreous silica.
Measurements of He and Ne solubility in vitreous silica
indicate the presence of =10 ' cm sites available for
the occupation of solute atoms. ' These sites are associ-
ated with the myriad of diffusion channels which pass He
and Ne (but not Ar), and possibly account for the = 20%%uo

smaller mass density of vitreous silica as compared to
crystalline quartz. A typical diffusion channel might be
represented by the potential of Fig. 1(a), with V(x) ap-
pearing somewhat different for He than for the more mas-
sive Ne. (Solubility studies indicated a factor of = 2
fewer sites available for Ne. ) The solute atoms could re-

The work on Ne or He solute in vitreous silica was dis-
cussed in terms of a "cavity" model, whereas most inves-
tigations of low-temperature properties of amorphous
solids utilize a "tunneling-states" model. Therefore, we
will compare the assumptions and predictions of the two
models, which were proposed simultaneously.

The potential-energy wells used in the two models are
depicted in Fig. 1(a) which represents the potential energy
of a Ne atom as a function of a general coordinate x. The
cavity model assumes a single potential well as on the left
of Fig. 1(a). The potential is modeled as a roughly cubic
box of size L, and this results in the energy levels shown
by Fig. 1(b). The broad spectrum of excitation energies
E& (required to fit the specific heat, for example) derives
from a spectrum of cavity sizes I..

The tunneling model assumes the presence of a double
well as on the right of Fig. 1(a). This is approximated as
two overlapping harmonic wells and results in the energy
levels shown under Fig. 1(c). The harmonic-well ground
state is split by an energy E=(b. +bp) where 6 is the
asymmetry shown in Fig. 1(a) and hp al'lses from tunnel-
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FIG. 1. (a) Schematic representation of the potential energy
V(x) of a Ne atom in vitreous silica versus a generalized coordi-
nate x. (b) Energy-level diagram for the single potential well
immediately above. (c) Energy-level diagram for the double
well immediately above.
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side in either or both types of wells shown in Fig. 1(a).
The appropriate model to ascribe to the additional excita-
tions associated with the solute atoms cannot be deter-
mined solely from specific-heat measurements.

III. EXPERIMENTAL DETAILS AND RESULTS

The vitreous silica samples were two 3.0&0.48)&0.28
cm rods of Spectrosil WF. The Ne was 99.996% pure
containing &5 ppm HqO. One silica sample was placed
in a pressure chamber, which was then flushed with Ne at
20 'C and 200 atm (2X 10 Pa), again at 200 'C and 130
atm, and finally at 200 'C and 80 atm. The pressure was
then increased to 240 atm at 600'C for 40 h. The
chamber was cooled before the pressure was released. The
Ne concentration introduced under these conditions was
expected to be = 4X10' cm. The samples were stored
at liquid-nitrogen temperature between measurements.

The thermal conductivity ~ was measured by the two-
heater method. That is, two heaters were spaced a dis-
tance L along the sample of cross-sectional area A. A
thermometer was mounted at one end of the sample, the
other end was attached mechanically and thermally to the
refrigerator. Switching heater power Q from one heater
to the other created a temperature change of hT at the
thermometer. The thermal conductivity is given by the
expression ~=LQ/Ab T. The data are shown in Fig. 2.
The results are so nearly the same with and without the
Ne that the data for pure silica are represented by the
solid line.

The specific heat C was computed from the thermal
equilibration time r of the sample using the relation
C=n ~rl4L where L is here the total length of the sam-

ple. The data, shown in Fig. 3, have been divided by T
to exhibit deviations from the Debye phonon contribution
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FKx. 3. Specific heat C, divided by T3, versus temperature
T. G, pure vitreous silica; 4, silica plus Ne solute; &(, contribu-
tion attributed to the Ne; solid line, contribution attributed to
Ne, from Ref. 2; dashed line, phonon contribution.

to pure silica represented by the dashed line. The added
specific heat created by the Ne solute is also shown in Fig.
3. These data may be compared with the earlier results of
Ref. 2 shown by the solid curve. The latter data, obtained
for a Ne concentration of 4.2X10' cm, have been
scaled by a factor of 0.6 in Fig. 3. This suggests that the
actual Ne concentration in our sample may have-been
closer to 3 &(10' crn

The linear thermal-expansion coefficient a was ob-
tained in a dilatometer discussed previously. ' " The ab-
solute accuracy is = 20% based on calibration runs
against pure Cu made before and after each run. The data
are shown in Fig. 4, where u has been divided by T to
show departures from the T contribution expected for
phonons. Our data for pure silica agree within 10% with
an earlier measurement" represented by the solid line.
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FIG. 2. Thermal conductivity a, versus temperature T. Solid
line, pure vitreous silica; Q, silica plus Ne solute.

FIG. 4. Negative linear thermal-expansion coefficient a, di-
vided by T, versus temperature T. 0, pure vitreous silica;
L, X, silica plus Ne solute (two independent runs); solid line,
earlier data on pure silica, Ref. 11.
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Data from two independent runs indicate that the pres-
ence of Ne reduces a by = 30%.

Transverse ultrasonic velocities U were measured to an
accuracy of 1% by a standard pulse-echo technique at
room temperature and a frequency of 10 Hz. For pure
silica we obtained u =3.77)& 10 cm/sec and, for the sam-
ple containing Ne, u =3.73X 10 cm/sec. To within the
accuracy of the measurements, the ultrasonic velocity is
not changed by the introduction of Ne. Therefore, the
phonon contribution to the specific heat is the same with
or without Ne solute, and is properly represented by the
dashed line in Fig. 3.

We would hke to know the glass transition temperature
T~ for the sample containing Ne. However, an actual
measurement of Tz as in a scanning calorimeter would
simply allow the Ne to diffuse out of the sample. We
therefore note that, since the presence of Ne solute did not
change the phonon velocity u, the solute is unlikely to
have changed the glass transition temperature. '

In Ref. 2, both He and Ne solute were observed to in-
crease the specific heat of vitreous silica. We have used
only Ne since its diffusion constant is smaller than for He
and we were therefore assured of a more constant concen-
tration of Ne for the four properties measured. With
respect to He, it has been reported' that exposure of vi-
treous silica to He at low temperature can increase the
specific heat. However, others' ' report that the heat
capacity of silica is not increased through normal contact
with He gas. The He must be introduced at high pressure
and temperature.

IV. DISCUSSION

Introduction of Ne into vitreous silica contributes an
additional specific heat C =AT" with n =1. The coeffi-
cient A increases with increasing Ne concentration, but
should become constant after the =10 ' cm available
sites become filled. The most simple explanation is that
the additional excitations reflected in the increased specif-
ic heat are associated explicitly with Ne atoms. These ex-
citations would have a broad distribution of energies to
give a specific heat roughly linear in T.

Not all of the available sites give rise to the conjectured
low-energy excitations. If all the excitations were TLS,
for example, the number N having energy Z ( 1 K
would be given by the integral
Xk ln2= f ' (C —Cz)dT/T where C~ is the specific
heat of pure vitreous silica. This computation gives

3)&10' cm for the data of Fig. 3. Therefore, the
ratio of N to the number of Ne atoms present in our sam-
ple is =10, and the ratio of X to the total number of
available sites is =3&10

The added excitations must couple only weakly to
thermal phonons since the presence of Ne does not de-
crease the thermal conductivity. At low temperatures, it
is known that phonons transport heat in glasses. ' There-
fore, the conductivity may be written

a =4.08)& 10'OT3l/u (W/cm K),
where I is the mean free path of phonons having average
velocity v. In glasses, l is limited by phonon scattering
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FIG. 5. Gruneisen parameter I versus temperature T. Solid
line N, present results on vitreous silica containing =0.1 mol%
Ne solute. Dashed lines from Ref. 11: P, pure silica; H, silica
containing =0.1 mol% H20; K, silica containing 10 mol %
K20.

from the TLS. Since ~ and U are independent of the Ne
solute, I inust be also. Therefore, the thermal phonons are
scattered only by the TLS intrinsic to the silica, and not
by the added excitations.

Yet there must be a finite coupling of the new excita-
tions to strain fields, since the presence of Ne solute
reduces the magnitude of the thermal expansion coeffi-
cient as seen in Fig. 4. Of greater interest, however, is the
average expansion contributed by each excitation. A re-
lated quantity in common use is the Gruneisen parameter
I defined as I =3aB/C where B is the bulk modulus.
The I computed from the total C and a of pure silica and
silica containing Ne solute are plotted in Fig. 5, which
shows the decrease in expansion per excitation when aver-
aged over both the intrinsic TLS population plus the add-
ed excitations. If instead we deduce I from the added
specific heat shown in Fig. 3 and the (algebraically) added
expansion coefficient, then I =+11 near 0.8 K. That is,
the added excitations contribute, on the average, a positive
expansion as compared to the negative expansion coeffi-
cient of the TLS intrinsic to jure silica.

In brief, addition of Ne to vitreous silica appears to
create a broad energy spectrum of localized excitations.
The coupling of these new excitations to strain fields is
sufficient to provide a (positive) contribution to thermal
expansion, but not sufficient to scatter phonons signifi-
cantly. Both the "cavity" model and the "tunneling"
model of Sec. II have been ascribed to these excita-
tions. ' However, our measurements cannot distinguish
which model might be more appropriate to the added ex-
citations. Low-temperature ultrasonic attenuation mea-
surements could be helpful. '

We note that a similar, understood phenomenon occurs
in the crystalline superconducting alloy. ' NbTio o5. The
Ti impurity creates a local potential well which can trap
interstitial H. The H tunnels between equivalent sites
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around the Ti (or other impurity) giving rise to an energy
spectrum similar to Fig. 1(c). At large (= 5%) concen-
tration of Ti, the wells elastically interact producing a
broad spectrum of excitation energies. The low-
temperature specific heat contributed by the H is given
roughly by Eq. (1), and the coefficient A can be increased
by diffusing in more H. The one apparent difference be-
tween NbTio 05 and vitreous silica is that the alloy, being
crystalline, does not contain an intrinsic set of TLS.
Therefore, with no solute present, NbTio oz should have a
Debye specific heat proportional to T .

An entirely different, alternative scenario for vitreous
silica would have the Ne or He solute only modify the ex-
isting population of TLS. This seems unlikely since the
density P of TLS (per' unit of energy} and the coupling y
of TLS to phonons would both have to vary in a manner
to leave the thermal conductivity unchanged after intro-
duction of the solute. That is, the l of Eq. (2) is propor-
tional' to (Py ) ', which must be independent of Ne con-
centration. We therefore assume that the solute does in-
troduce a new set of excitations distinguishable from the
intrinsic TLS.

We move next to a surprising and more speculative ob-
servation, namely, that the changes in the low-
temperature properties of vitreous silica with addition of
chemically inactive Ne are similar to changes caused by
the addition of K20 or NazO. The specific heat is in-
creased, the magnitude of the expansion coefficient is de-

creased, and the thermal conductivity is essentially un-

changed by the presence of the dopant. ' Rather similar
behavior has been noted' for silica containing H20.
Since more data are available for the KzO system, ' the
following discussion will be directed primarily to potassi-
um silicate glasses.

Both Ne and K20 dopants create excitations having a
positive average expansion coefficient at low tempera-
tures. Figure 5 compares the net Griineisen parameters
for pure silica and silica doped with 820, Ne, and K20.

The K20-doped samples' obey the empirical relation
l ~ Tz where l is the phonon mean free path of Eq. (2).
This is also true for Ne since, as indicated above, neither I
nor Tg are changed by the presence of Ne.

It is tempting to conclude that the K20, as a "network
filler, " can fall into the same kind of sites as would be oc-
cupied by the Ne or He. Indeed, studies of He diffusion
in alkali silicate glasses indicate that the open volume ac-
cessible for the He is decreased with increasing alkali con-

centration. Support for the above view is also found
from silica doped with H20, in which the OH creates
TLS distinct from those intrinsic to the silica. '

Additional support is found in the specific-heat data.
For Ne solute, the specific-heat contribution C =AT in-
creases with solute concentration but should become con-
stant after the =10 ' cm available sites are filled. No
measurements are available for KzO for samples contain-
ing less than 5 mo1%, and 5 mo1% would fill the avail-
able sites. Indeed the coefficien A of Eq. (1},which is
larger than that of pure silica by a factor of =10, de-
creases slightly' with further addition of KzO beyond 5
mo1%. The ratio of excitations N (having E&1 K) to
available sites is =3X10 as computed above for Ne,
while for 8 mo1% K20 this ratio is =10X10 ". The
number N accounts for only a small fraction of the
dopant present in the sample, namely, =1% for Ne and
=0.1% for KzO or H20. ' Thus the specific heat re-
veals several similarities between Ne and KzO dopants
suggesting that the KzO may fall into the same kind of
sites as would be occupied by the Ne.

Of course, the view of KzO solely as a network filler is
too simplistic. For vitreous silica doped with Na20, for
example, the sodium also partially disrupts the Si02 net-
work (at least at concentrations of &5 mo1%). This
disruption is reflected in the reduced glass transition tem-
perature Ts of alkali silicate glasses. Nevertheless, the ef-
fects of Ne and K20 dopants on the low-temperature
behavior of vitreous silica are remarkably similar.

In conclusion, we have measured at low temperature
the specific heat, thermal expansion, and thermal conduc-
tivity of vitreous silica containing Ne solute. The changes
produced by the Ne may be attributed to new or added lo-
calized excitations, presumably associated with the trap-
ping of Ne atoms within the interstices of the silica net-
work. The nature of the localized excitations, whether
cavity modes or tunneling states, cannot be determined
from our data. The changes produced by the chemically
inactive Ne are similar to the effects produced by the ad-
dition of K20, Na2O, or H20 to vitreous silica.
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