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Effect of neutron irradiation on the love-temperature dielectric susceptibility of vitreous silica
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Whereas neutron irradiation changes the apparent density of low-energy localized excitations in vitreous

silica as monitored by measurements at temperatures below 1 K of thermal conductivity, specific heat, and

temperature dependence of the ultrasonic velocity, no change is detected in the density of localized

excitations which contribute to the dielectric susceptibility.

In a previous publication' we discussed measure-
ments of the thermal conductivities rc, the tem-
perature dependencies of the ultrasonic velocities
b, v/v, and the excess specific heats C,„ofvitreous
silica and of neutron-irradiated vitreous silica.
These measurements were made in a study of the
localized low-energy excitations which occur in
amorphous materials. The changes induced in

C,„, tc, and d v/v below 1 K by neutron irradiation
could be explained by a 35/o reduction in the den-
sity of localized excitations. The present paper
discusses the effect of neutron irradiation on the
temperature dependence of the dielectric con-
stant & of vitreous silica. We find, in brief, that
neutron irradiation does got change the density of
of those localized excitations which contribute to

ments of z. Due to indications that the dielectric
properties of vitreous silica are closely related
to the concentration of OH impurities, the charac-
teristic OH absorption band at 2."t3 p, m was mon-
itored. All three samples were found to have the
same OH content, which was roughly 1000 pprn
by weight. '

The technique used in the measurements of &

has been described in Ref. 4. The results of the
measurements are shown in Fig. 1, where the di-
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The temperature-dependent dielectric constants
of three samples were measured; all three were
originally cut from the same piece of Spectrosil-
B vitreous silica' used in Ref. 1. One sample
was measured in the unirradiated condition. The
second sample had been neutron irradiated for
"30 days'" at Argonne National Laboratory and is
identical to the samples used i.n Ref. 1, having an
apparent 35% reduction in the density of localized
excitations. The third sample had been neutron
irradiated at the Research Reactor of the Univer-
sity of Missouri, Columbia. This third sample
had an apparent reduction of 30% in the density of
localized excitations as deduced from measure-
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FIG. 1. Variation with temperature of the dielectric
constant of vitreous silica measured at 104Hz. 8, neu-
tron irradiated {Missouri); Q, neutron irradiated (Ar-
gonne); 0, ~, unirradiated, two runs. Roughly half
the data have been omitted for clarity. The dashed line
is discussed in the text.
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electric constant is plotted as b, e/a= [e(T)
—e „]/e „, with e „equal to the minimum value
of q. The present data are in agreement with ear-
lier data"' for unirradiated vitreous silica having
a similar OH concentration.

No difference between the irradiated and unir-
radiated samples can be detected in Fig. 1 for
T ~ 0.4K. Since thetemperaturedependenceof c
is proportional to the density of localized excita-
tions active in dielectric behavior (see below), the
data indicate that the density of electrica ly active
excitations is not changed by neutron irradiation.
The effect of a reduction in the density of excita-
tions comparable to that deduced from C, ~, and
d v/v is indicated by the dashed line in Fig. l. At
temperatures above =0.4 K the irradiated material
appears to exhibit a temperature dependence =25%
smaller than the unirradiated material. However,
the data were less reproducible above 1 K, as in-
dicated by the two runs on unirradiated samples.
For this reason we will focus on data obtained be-
low 0.4 K. It is, in fact, the lowest-temperature
data which most accurately reflect the density of
localized excitations having lowest energies.

Previous work on the low-temperature dielectric
constant of vitreous silica containing GH impuri-
ties has indicated that the electrical properties of
the material are determined by the QH impuri-
ties, and that the number of electrically active
localized excitations scales linearly with the QH
impurity concentration. ' Measurements of the
low-temperature thermal properties of silicas
having different OH contents suggest that OH
may affect the density of localized excitations ac-
tive in the excess specific heat, while leaving the
density active in the thermal conductivity essen-
tially unaltered. ' However, ', it should be empha-
sized that attempts, such as described above, to
attribute differences in the thermal properties of
samples to different OH concentrations may not
be valid —the different OH" levels also reflect dif-
ferent sample histories.

The exact relationship between localized excita-
tions related to OH impurities and localized ex-
citations intrinsic to pure silica is unknown. That
is, it is not known whether the QH produces ex-
citations independent of the "intrinsic" ones, or
whether the OH decorates the sites of the intrin-
sic excitations, thus electrically a.ctivating them.
Simultaneous electromagnetic and acoustic mea-
surements have indicated that the OH -related and
intrinsic (strong phonon scattering) excitations are
strongly coupled. "" Additionally, the observation
that the temperature dependence of the dielectric
constant scales linearly with the OH concentra-
tion suggests that if the QH ions electrically ac-
tivate existing excitations, then there is, at most,

one QH ion per localized excitation. '
Our earlier data' on C,„, g, and b,g/v could be

accounted for quantitatively by a modelio, ii which
ascribes the localized excitations to the tunneling
of an atom or larger entity between two potential-.
energy minima having similar ground-state ener-
gies. A distribution of two-level systems results
from the tunneling. This tunneling-states model
may also be applied to the present data to provide
an estimate of the density of electrically active
excitations. The contribution of resonant absorp-
tion by two-level systems to the variation in the
dielectric constant is given by'

(b, e/~)(T) —(8~/e)P p ln(T/T0)

where j', is the number of electrically active two-
level systems per unit energy interval, per unit
volume. Here p,

' is the electric-dipole matrix
element coupling the ground and excited states of
the two-level system. Ths value of & for the
silica" is about 3.8. From Eq. (1) and the slope
of the low-temperature he/a curve of Fig. 1 we
find that

p,
' &,=3.3 x10 '.

The value of p,
' has been determined from electric

echo experiments. ~'~ ~ Although the experimental
values differ somewhat, a conservatively small
value" is believed to be about 1 D. Using 1 D in
Eq. (2), we find P,= 3.3 x 10" erg ' cm '. It was
found in Ref. 1 that the density of states P active
in the thermal and acoustic measurements is
about 7 x10" erg 'cm ' for the irradiated mater-
ial (smallest P). Hence, at most, the electrically
active states comprise about 5/&& of the states ac-
tive in the thermal and acoustic properties.

This small fraction of electrically active states
could explain the fact that large electric fields
have no effect on the thermal conductivity of
vitreous silica.""If the same total dipole mo-
ment were ascribed to gll the states present in
the glass, the average dipole moment per exci-
tation would be 0.2 D, a value consistent with the
result of Stephens. " Also, since the fraction of
electrically active states is so small, any differ-
ence in their contributions to z, C, or b v/v
could not have been detected in Ref. 1.

The 1000-ppm OH content of the vitreous silica
used in the present measurements corresponds to
an OH concentration of about 8 x10" cm '. If it
is assumed that the two-level systems related to
the OH have splitting energies ranging from zero
to 30 K, this QH concentration would yield an QH-
related density of states of 2x10'~ erg 'cm ',
more than 600 times the observed electrically ac-
tive density of states. Hence the OH" ions appear
to be very inefficient at providing electrically ac-
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tive bvo-1.evel systems.
In summary me find that neutron irradiation of

vitreous silica, does not alter the density of local-
ized excitations which contribute to the dielectric
susceptibility; this is in contrast to the irradia-
tion-induced changes in the density of excitations
which dominate the low-temperature specific heat,
thermal conductivity, and ultrasonic dispersion.

In addition, the electrically active excitations rep-
resent only a small fraction of the total density of
localized exc itations.
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