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Precision measurements of the ultrasonic velocity change as a function of temperature were car-
ried out in electron-irradiated quartz (dose=1.0X10% e/cm?, E =3 MeV) for two frequencies: 648
and 480 MHz. Between 0.33 and 2 K, a frequency-independent logarithmic increase of the velocity
is observed. The effect is very small, but clearly indicates the presence of the resonant interaction of
tunneling states with phonons. The experiment shows that tunneling states of a two-state nature are
present. In addition, the effect of the relaxation process on the velocity is observed and shows that
the tunneling states are of the same nature as in glasses. A comparison with neutron-irradiated
quartz indicates that similar tunneling states are induced by electrons and neutrons, in spite of the
different disordering processes. It is suggested that the electron-induced Frenkel pairs provide the
necessary freedom for rearrangements and rotations of the tetrahedra, which can be at the origin of

the tunneling states.

At low temperatures, amorphous solids exhibit dynam-
ical properties which are totally different from those in
crystals.! A phenomenological model which can describe
all data so far obtained, even on glasses of very different
structures, assumes the existence of configurational
tunneling states (TS),> also more simply described as
two-level systems (TLS).> The microscopic origin of
these TS is not yet clear. In search of a model substance,
other workers as well as ourselves have shown similar ex-
citations to exist in partly disordered crystals. The exci-
tations have broad spectra in both energy and relaxation
time and in some of these disordered crystals these spec-
tra may be changed systematically by varying the amount
of disorder. Irradiated quartz is very attractive as a mod-
el of the glassy state, as it allows continuous structural
variations from the perfectly ordered crystal to the amor-
phous network disorder. Similar anomalies to those in
glasses have been observed in neutron-irradiated
quartz*~7 and were also explained by the existence of
tunneling states similar in nature to those in vitreous sili-
ca.

It is relevant to inquire how much order and what type
of disorder is needed to produce these tunneling states in
an otherwise perfect crystal. For this study, electron-
irradiated quartz is an even more interesting model sub-
stance than neutron-irradiated quartz. As compared to
neutrons, the use of MeV electrons reduces and simplifies
the possible processes of interaction with the structure of
the bombarded substance. Electrons, because of their
small mass, transfer relatively little energy to the atoms
which they hit. This excludes the production of highly
disordered regions caused by cascade processes, as is the
case for neutron irradiations.

Thermal conductivity® and, recently, ultrasonic at-
tenuation® measurements have given evidence for the ex-
istence of TS in electron-irradiated quartz. In the present
paper, precision measurements of the temperature-
dependent phase velocity of sound show unambiguously
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the two-state nature of the excitations, having very low
energy. This is the first time that a temperature-
dependent change in the velocity has been observed in
electron-irradiated quartz at low temperatures. The
frequency-independent logarithmic increase of the veloci-
ty at the lowest temperatures clearly indicates the reso-
nant interaction of the TS with the phonons. The
analysis of the velocity data was performed in the frame-
work of the tunneling model. For comparison, velocity
measurements were also carried out in neutron-irradiated
quartz and indicate that the tunneling states in electron-
irradiated quartz are of a similar nature to those in
neutron-irradiated quartz and vitreous silica. The ex-
istence of TS in electron-irradiated quartz will be further
related with studies of the damage created by electrons in
quartz.

An X-cut single crystal of natural Brazilian quartz of
high purity was irradiated with 3-MeV electrons up to a
dose of 1.0X10% e/cm? Neutron activation analysis
showed as impurities in units of ug/g:

Al, 12; Cr, 9; Fe, 65; Mn, 0.3; Ti, 17 ;
Co, 0.4; Cu, 22; K, 60; Na, 7.8; V, 0.8 .

The electron irradiation was carried out in a Van de
Graaf generator (at Centre d’Etudes Nucléaires—
Grenoble) with a flux of 2.6 uA/cm?. The variation of
the longitudinal velocity of sound in this sample (E3) was
measured at two frequencies, 648 and 480 MHz, in the
temperature range 0.33-15 K. For comparison, velocity
measurements were also performed in a slightly neutron-
irradiated quartz sample (K'9), exposed to a fast neutron
dose 1.36X10'"™ n/cm? (E>0.1 MeV) or 0.85X10'®
n/cm* (E>0.3 MeV). The measurements were per-
formed at 648 MHz. The variation of the ultrasonic ve-
locity was also measured in an unirradiated synthetic
quartz sample at 648 MHz. The impurity contents of the
unirradiated and neutron-irradiated quartz sample are
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given in Ref. 10. Accurate velocity measurements of the
order of Av/v =107 were possible with a modified pulse
interference method.!!

In Fig. 1, the variation of the longitudinal velocity of
sound in the electron-irradiated quartz specimen (E3) is
given as a function of the temperature for the frequencies
648 and 480 MHz. A logarithmic increase of the velocity
change which is independent of the frequency is seen
below 2 K. It is similar to the behavior in glasses, but
about 200 times smaller.!? This is the first time that this
behavior has been measured in electron-irradiated quartz.
The velocity increase is very small, but the precision of
the present relative velocity measurements, Av /v, better
than 2X 1077, above 0.5 GHz, has enabled us to observe

. this effect. It shows the presence of excitations of a two-
state nature and of very low energy, also called tunneling
states in glasses. This is the result of the resonant in-
teraction between the ultrasonic wave and these tunnel-
ing states. The TS in glasses can be described with the
tunneling model. For the interaction of the phonons with
the TS, the tunneling model distinguishes between two
contributions to the dispersion. At very low tempera-
tures (7" <1 K), the contribution of the resonant interac-
tion between the ultrasonic wave and a TS is dominant in
our frequency range. It leads to a logarithmic increase of
the velocity with temperature. At higher temperatures,
the contribution of the relaxation process also becomes
important, resulting in a decrease of the velocity with
temperature. The contribution of the resonant interac-
tion to the sound velocity can be derived by using the
Kramers-Kronig relation between sound absorption and
sound dispersion, and is>3
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FIG. 1. Velocity change as a function of temperature for
electron-irradiated quartz, sample E3 (dose, 1.0X 10% ¢/cm?
E =3 MeV) for two frequencies, and for unirradiated quartz.
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provided that #iw <<kT and P(E)=P with P a constant,
the density of states of tunneling systems. The parameter
v represents the coupling between the tunneling states
and the longitudinal phonons. T, is an arbitrary refer-
ence temperature. Our very-low temperature observa-
tions are in agreement with the predictions of the model.
Below 2 K, the velocity increases logarithmically with
the temperature and is also frequency independent. The
condition #iw << kT of (1) was fulfilled (at the lowest tem-
peratures fio~0.1 kT). T;,=0.33 K is taken as a refer-
ence temperature. As can be seen in Fig. 1, the change of
the sound velocity is no longer frequency independent
above 2 K and deviates from the logarithmic law. This is
also observed in glasses and is attributed to the relaxa-
tional interaction between the ultrasonic wave and the
TS. The tunneling model distinguishes between two
different regimes: w7, >>1 and wr,, <<1, with 7, the
smallest relaxation time of the TS. At very low tempera-
tures, where the condition wr,, >>1 holds, the contribu-
tion of the relaxational process is negligible. This is the
region discussed above, where the velocity change is at-
tributed to the resonant process only. At higher temper-
atures, for which w7,, <<1, and where the additional ve-
locity change due to the one-phonon relaxation process
has to be taken into account, a logarithmic decrease of
the velocity is expected with a slope of half that of the
resonant part.!*> This logarithmic decrease was not ob-
served in our case, nor was it detected in high-frequency
measurements in glasses. This could be explained by the
presence of higher-order phonon relaxational processes,
which mask the one-phonon relaxational process in our
frequency range.'

In Fig. 2, a comparison is given between the electron-
irradiated sample (E3) and a neutron-irradiated specimen
(K9), our lowest neutron dose (0.85X 10'® n/cm?, E >0.3
MeV). It is known that the disordering processes for
both types of irradiations are quite different. Neutrons
cause displacement cascades and it is generally accepted
that a 20-A-diam disordered region is created for each
impact.!® Electrons, on the other hand, because of their
small mass, cannot cause secondary displacements and as
a result smaller defects are created. It is relevant to in-
quire whether this leads to different tunneling systems.
From our velocity data in Fig. 2, a comparison between
the coupling parameters ¥ can be made. The tempera-
ture T of the maximum velocity varies as K3 !/3
(K3 ~7v2)."* It is clear from Fig. 2 that the coupling con-
stants of the electron-irradiated sample and the neutron-
irradiated specimen are similar, in spite of the different
disorder processes. As the differences Av /v are extreme-
ly small, the temperature of the maximum is not so well
defined and small differences in the coupling parameters
could therefore not be detected. It is remarkable that
electron irradiation, which causes small defects, induces
tunneling states similar to those in neutron-irradiated
quartz, and therefore also to those in vitreous silica.’

From the slope of the resonant part of the velocity
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FIG. 2. Velocity change as a function of temperature for
electron-irradiated quartz, sample E3 (dose, 1.0X 10%° e /cm?;
E =3 MeV) and for neutron-irradiated quartz, sample K9 (dose,
0.85X10'® n/cm?; E >20.3 MeV).

change in Figs. 1 and 2, the parameters C and Py7 of (1)
can be deduced. The results for samples E3 and K9 are
given in Table I, as well as the values for vitreous silica,!?
also deduced from the logarithmic dependence of the ve-
locity. The TS parameters derived from the sound veloci-
ty are known to be very reliable, since they can be de-
rived without any additional assumption or parameters
and since the logarithmic dependence can be seen over a
rather extended temperature interval. The values ob-
tained from our ultrasonic attenuation measurements are
also given in the table.” They were deduced from the
height of the plateau corresponding to the regime
oT,, <<1 of the relaxational attenuation. As can be seen
in the table, samples E3 and K9 differ by a factor of 2.5,
while the values for vitreous silica are about 2 orders of
magnitude larger. Table I also shows that velocity and
attenuation measurements lead to different values for
Py%. This discrepancy has already been observed in
many glasses and it was suggested that it is due to the
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fact that different tunneling states are probed in the two
experiments.’? Indeed, in the case of the logarithmic part
of the velocity, mainly TS with the smallest relaxation
time, 7,,, are probed, whereas at the height of the plateau
in the ultrasonic absorption, mainly TS with w7=1 are
involved. It is more appropriate to compare the relative
differences between the different samples. Then, as can
be seen in Table I, both measurements lead to similar re-
sults: Py?is a factor of about 2.5 smaller for E3 than for
K9, and there is a difference of a factor of about 150 be-
tween E3 and vitreous silica. From these values of Py? it
also follows that the density of states P in E3 is 2 orders
of magnitude smaller than in vitreous silica. We note
that a much higher dose is needed, to obtain similar
values of Py?, in the case of electron irradiation, than in
neutron-irradiated quartz (see Table I). We shall come
back to this point further on.

Let us now go into more detail concerning the damage
created by high-energy electrons in quartz. It is generally
known that electrons, because of their smaller mass, do
not cause displacement cascades, and as a result smaller
defects are created than with neutrons. Diffuse x-ray
scattering studies performed on one of our samples
(E2),'® show that highly disordered extended regions,
such as found in neutron-irradiated quartz, are not
present. In addition, positron-annihilation lifetime mea-
surements performed on E2 (Ref. 17), indicate that an
amorphous phase is not present, in contrast to neutron-
irradiated quartz. On the other hand, EPR studies on
sample E2 indicate that more positional disorder is
present than single point defects.!® The observed E’ lines
show a broadening which was not observed for lower
doses,!® but which is similar to those in neutron-
irradiated quartz.

It is generally known that the main structural damage
caused by electron irradiation in solids is the creation of
point defects as a consequence of the knock-on process.
Semenov et al.?® calculated the Frenkel-defect concentra-
tion as the result of knock-on damage in quartz caused
by 1-MeV electrons and found a concentration of
1.1X 10" /cm?® for a dose of 10'* e /cm? (This means
that one Frenkel pair is created for each electron impact.)
In quartz, however, as a result of the flexibility of the
bonds, the ionizing component of the radiation also
seems to have an important impact on the structural
damage.?’?> From transmission-electron-microscopy
(TEM) studies, a radiolytic mechanism has been put for-
ward to account for this damage process.?? According to

TABLE I. TS parameters.

Py} (velocity) Py} (attenuation)

Sample Dose C (velocity) (g/cms?) (g/cms?)

e irradiated (E3) 1.0X 10%%¢ /cm? 1.6X107¢ 1.4X%10° 2.1x10°
(E =3 MeV)

n irradiated (K9) 0.85X 10" n/cm? 3.7X107° 3.2X10° 6.0X10°
(E=0.3 MeV)

vitreous silica unirradiated 2.9X 10742 22% 107 48X 107"

#Reference 12.
"Reference 26.
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this model, electron irradiation can give rise to excita-
tions of Si—O bonds. The instability of these excited
Si—O bonds leads to bond breakage and removal of the
oxygen atom. A Si—O—O—Si peroxy linkage can be
formed together with an E'’ oxygen vacancy. The oxy-
gen vacancy and the peroxy linkage can be considered as
a closely spaced Frenkel pair. Frenkel pairs, whether
they arise from the knock-on process or from a radiolytic
mechanism, increase the freedom of reorientation of SiO,
tetrahedra and hence can lead to structural damage.?? It
is likely that for the dose used, rearrangements of
tetrahedra have taken place, possibly involving coopera-
tive effects. We suggest that the TS originate in the re-
gions where these rearrangements have taken place. The
presence of large displacement zones, as is the case for
neutron-irradiated quartz, does not seem to be a neces-
sary condition for the existence of TS. It is noteworthy
that the two disordering processes induce tunneling states
of a similar nature. We note, however, that the greater
efficiency of neutron irradiation in inducing damage as a
result of cascade processes renders the necessary coopera-
tive rotations easier than does stepwise accumulation of
Frenkel pairs arising from electron irradiation. This can
explain the large difference in the density of states of TS
between similar neutron and electron doses: in neutron-
irradiated quartz, the density of states of TS is already sa-
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turated for a neutron dose of 10° n /cm?,2® whereas only
about 2% of the saturation value is found for our
electron-irradiated sample, exposed to a dose of 10%2°
e/cm?.  Recently, we have argued that the TS in
neutron-irradiated quartz might be related to the so-
called a;-a, regions.”® As a result of neutron irradiation,
SiO, tetrahedra pass more easily from their original «,
form to the opposite one, rotated by 180° around the c-
axis, the so-called twin-configuration or @, form.?* In
TEM studies, it was observed that such twinning is also
induced by electron irradiation.”® It would be interesting
to investigate whether the TS in electron-irradiated
quartz could also reside at the boundaries of these twin
domains, as we have suggested for neutron-irradiated
quartz.23
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