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Abstract. Neutron-irradiated quartz is a promising model system to learn more about the low-energy
excitations (tunneling states) in vitreous silica and in similar glasses. We present the first systematic study
of the elastic properties of neutron-irradiated quartz at low frequencies and very low temperatures. Using
the vibrating reed technique at frequencies of several kHz we have measured the sound velocity and internal
friction of six quartz crystals irradiated with different neutron doses over a wide range of temperatures
(7 mK-300 K). The results are analyzed using the tunneling model and several extensions of this theory.
Comparisons are made with recent low-frequency measurements on normal and compacted vitreous silica
and with ultrasound experiments on neutron-irradiated quartz.

PACS. 62.65.+k Acoustical properties of solids — 61.80.Hg Neutron radiation effects

1 Introduction

When crystals are bombarded by high energy neutrons
their regular structure may be severely damaged by col-
lisions between the neutrons and the atomic nuclei. The
type and degree of radiation-induced disorder depends on
the crystal structure and on the strength of the atomic
bonds as well as on the number and energy of the incident
neutrons. Radiation damage has been studied particularly
intensively for a-quartz. Among other reasons this interest
results from the idea that neutron-irradiated quartz might
be a promising model system to learn more about the tun-
neling states in vitreous silica. These localized low-energy
excitations [1] are found in virtually all amorphous solids
in similar number but their microscopic origin is still a
matter of debate. Since the disorder in irradiated quartz
can be gradually enhanced by an increase of the neutron
dose these crystals offer the opportunity to study system-
atic relations between the radiation-induced damage and
the number density, the dynamics, and perhaps the nature
of tunneling states.

It is known from X-ray scattering experiments that the
collisions between neutrons and atomic nuclei in quartz
lead to the formation of amorphous clusters of radius
~ 10 A embedded in a slightly distorted but still crys-
talline matrix [2-4]. With increasing neutron dose the
number (and to a smaller extent the size [4]) of these
amorphous regions increases, and for neutron doses above
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~ 1 x 10% n/cm? a completely amorphous phase — the
so-called metamict phase — develops with a density about
14% smaller than in unirradiated quartz but still almost
3% higher than in vitreous silica.

Over the past years the high frequency elastic prop-
erties of neutron-irradiated quartz have been intensively
studied above 0.3 K by means of ultrasonic experi-
ments [5-11]. Some particularly interesting results of these
measurements were:

i) The number of tunneling states increases approx-
imately linearly with increasing neutron dose for small
doses; it saturates for doses above ~ 100 x 10'® n/cm?
when the samples are fully amorphized. For intermediate
doses the situation is more complicated [8,10,11].

ii) For small irradiation doses the amorphous volume
fraction of the samples, determined by mass density mea-
surements, is smaller than the ratio P,_quartz/ Pelass Where
Py_quartz and Pylass denote the density of states of tun-
neling states in neutron-irradiated quartz and in vitreous
silica, respectively. This was interpreted as a clear indica-
tion that tunneling states do not only reside in the amor-
phous clusters but also in the disturbed crystalline regions
[7,12].

iii) Using different crystal cuts of neutron-irradiated
quartz a strong anisotropy of the coupling between pho-
nons and tunneling states was observed. This gave further
evidence for the existence of tunneling states in the slightly
disordered crystalline regions. Moreover, it led to a micro-
scopic picture of the tunneling states in the crystalline
regions [9]. It was suggested that the tunneling states are
related to the radiation-induced occurrence of so-called
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a1-ae- or Dauphiné-twins. These twins consist of groups
of SiOy4-tetrahedra which are rotated 180° with respect to
each other around the optical axis (i.e. the z-axis). Small
displacements of approximately 0.4 A of tetrahedra chains
are sufficient to move from the original a-configuration to
the opposite one. The rigid tetrahedra remain basically
unchanged as no breaking of bonds is required for this
motion.

In the present paper we show and discuss results of
low-frequency elastic (vibrating reed) measurements on
unirradiated quartz and on quartz samples irradiated
with five different neutron doses. We hereby extend the
range of temperatures and frequencies for investigations
of the elastic properties of neutron-irradiated quartz quite
considerably. Only very few low-frequency measurements
have been carried out until now [13] and except for some
phonon echo measurements [14] no elastic measurements
at all below 0.3 K. The motivation for the present study
arises from several open questions.

It is known that in glasses the distribution functions of
relaxation times and energies extend over many orders of
magnitude. Due to the lack of low frequency and very low
temperature measurements on neutron-irradiated quartz,
however, only a rather narrow window of relaxation times
and energies has been investigated so far for these disor-
dered solids. Hence it is not yet known whether or not the
distribution functions are as broad as in glasses. Measure-
ments at low frequencies may reveal new information on
tunneling states with long relaxation times, while experi-
ments at very low temperatures are a probe of tunneling
systems with very small energy splittings.

A second substantial motivation for experiments at
very low temperatures results from the improved under-
standing of the relevance of interaction among tunnel-
ing states. There is clear experimental evidence that at
very low temperatures the dynamic properties of glasses
are strongly influenced by the mutual interaction between
tunneling states and not only by the interaction of tunnel-
ing states with phonons [15-20]. Hence the question arises
if in a solid like neutron-irradiated quartz, that contains
very likely defects of similar nature as vitreous silica but
in smaller number, interaction between tunneling states is
less important. It appears be to a promising idea to “tune”
the interaction between tunneling states by a variation of
the neutron dose.

Finally, our measurements are intended as an indepen-
dent test of the above mentioned anisotropy of the cou-
pling between tunneling states and phonons that has been
demonstrated so far solely by means of ultrasonic exper-
iments. The interesting microscopic implications of this
observation make it worthwhile to reexamine the elastic
properties of neutron-irradiated quartz using a different
experimental technique. A brief account of some of the
results has been given elsewhere [21].

The paper is organized as follows: In Section 2 we
will briefly recall some predictions of the tunneling model
that is widely used as a baseline of discussion of the low-
temperature acoustic properties of amorphous solids. In
addition, we will mention several shortcomings and nec-
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essary extensions of this model. Section 3 gives some in-
formation on the experimental technique and on the sam-
ple specification, while Section 4 contains the presentation
and discussion of our experimental results.

2 Theory
2.1 Standard tunneling model

In this section we briefly summarize the assumptions and
predictions of the tunneling model that are relevant to
low-frequency acoustic experiments. For more detailed dis-
cussions see, e.g., references [22,23]. The basic assump-
tions of the tunneling model are:

i) In amorphous solids some atoms or small groups of
atoms can move between two almost degenerate configu-
rations in double well potentials with asymmetry A and
tunnel splitting Ag ~ Eyexp (—A). Here Ej is the ground
state energy in a single well and A ~ dv/2mV /2h the tun-
neling parameter which is determined by the distance d in
configurational space between the two potential minima,
the mass m of the “particle”, and the barrier height V
between the wells. The total energy splitting between the
two lowest levels is given by E = /A2 + A3.

ii) The parameters A and A are independent of each
other and they are widely distributed because of the ran-
domness of the local environment. Usually, a distribution
function

P(A, \)dAd\ = PdAd) (1)
is assumed where P is a constant.

iii) At temperatures below 1 K the dominant relax-
ation mechanism for tunneling systems in insulators is
the so-called one-phonon or direct process. The rate of
this process is given by [24]
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where p is the mass density, v the sound velocity, and v =
(1/2)dA/de the deformation potential, i.e., the deriva-
tive of the asymmetry energy with respect to strain e.
Indices 1 and t in equation (2) denote longitudinal and
transversal polarization, respectively. For a given energy
splitting, there is a wide distribution of relaxation times,
and amongst this distribution symmetric tunneling sys-
tems (E = Ap) have the shortest relaxation times, de-
noted by Tmin-

Using these assumptions the following predictions for
the temperature dependence of the internal friction Q!
and for the relative change of sound velocity dv/v of an
insulating glass below 1 K are obtained:

At low temperatures, when wmyi, > 1, the internal
friction increases as the third power of temperature, and
the sound velocity is expected to vary logarithmically with
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where Tp is an arbitrary reference temperature, and the
parameter C is given by C' = P~2/pv?; the index i stands
for longitudinal or transversal polarization.

At higher temperatures, when w7y, < 1, the internal
friction approaches the value

Q' = 50 (4)

independent of temperature and frequency. The sound ve-
locity passes a maximum and then decreases logarithmi-
cally with increasing temperature as

L (TZO) (5)

For the position Tiax of the maximum of sound velocity
one obtains

mpltw (72 242\ !
Tmaxzi/ = (l+ %) : (6)
B U Ut

Hence by measuring Ty,.x one can obtain information on
the deformation potential . Here v denotes an average
over all directions and polarizations of thermal phonons.
From equations (3-5) it becomes clear that the parame-
ter C' may be considered as a “macroscopic coupling con-
stant” which determines the integral influence of the tun-
neling states on the low-temperature elastic properties.
One should mention that C' varies only within one order of
magnitude for virtually all glasses even though they may
have completely different structure, chemical composition,
and type of bonding. An exception of this “universality”
was found recently [25].

2.2 Extensions and modifications of the standard
tunneling model

Over the past years the standard tunneling model has been
proven to provide a fairly good description of the low-
temperature properties of amorphous solids and is there-
fore generally accepted as an adequate, though purely phe-
nomenological, approach. However, a closer look reveals
that the agreement between theory and experiments is
not truly satisfactory, in particular at very low tempera-
tures (T < 0.1 K) and at temperatures above ~ 1 K. The
reason for the shortcomings of the standard model is that
the nature of the tunneling process changes both at very
low and at elevated temperatures as will be discussed in
the following paragraphs.

2.2.1 Temperatures above 1 K

At temperatures above a few Kelvin, the sound velocity
no longer obeys equation (5) but changes from a logarith-
mic to an approximately linear temperature dependence,
and the internal friction exhibits a strong increase with in-
creasing temperature above ~ 5 K [23,26,27]. In this tem-
perature range the number of phonons becomes so large
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that relaxation does no longer occur predominantly via
the one-phonon process; the probability of more compli-
cated relaxation processes increases.

At temperatures above ~ 1 K two-phonon (Raman)
relaxation processes may occur; they lead to a stronger
decrease of dv/v with increasing temperature but do not
change the plateau region of the internal friction.

At yet slightly higher temperatures, the large thermal
fluctuations may lead to incoherent tunneling, i.e. to the
destruction of the phase coherence of the tunneling mo-
tion [28]; this may have a considerable influence on the
dynamic properties of disordered solids. Fair agreement
with experimental observations is obtained by taking into
account this effect [27].

Finally, above ~ 5—10 K in glasses relaxation may
be described as classical Arrhenius type hopping over the
barrier of the double well potentials [29] with a rate

_ 1%
Tthl = g exp <_kB—T> . (7)

Here vy denotes an attempt frequency supposed to be on
the order of the Debye frequency.

It is extremely difficult to take all possible effects
at higher temperatures adequately into account. In the
simplest approximations Raman processes and incoherent
tunneling are neglected and it is assumed that the total re-
laxation rate is simply given by the sum of the one-phonon
rate (Eq. (2)) and the rate ;' (Eq. (7)) of classical ther-
mally activated relaxation. Tielbiirger et al. [26] proposed
a Gaussian distribution function of width V4 for the bar-

rier heights
P V2

which in combination with the additionally assumed cor-
relation A oc V replaces equation (1). For low temper-
atures (' < 1 K) when only systems with small bar-
riers (or tunneling parameters) are relevant the use of
equation (8) leads to the same predictions (Egs. (3-6))
as the simple distribution function (1). At temperatures
T > FEy/2kp thermal relaxation sets in and causes an
increase of the internal friction with increasing tempera-
ture and a decrease of the sound velocity which are both
linear in temperature. When the temperature is raised
systems with higher barriers contribute to the internal
friction. However, since the width V{ of the barrier dis-
tribution (Eq. (8)) is finite the internal friction does not
further increase but passes a maximum and decreases af-
terwards with increasing temperature. The position and
the height of the maximum of Q! are approximately pro-
portional to Vj. These predictions are in fair although not
perfect quantitative agreement with experimental obser-
vations made on several glasses [23,26,27].

A distribution function P(V) different from
equation (8) is used in the so-called “soft potential
model” [30] which is based on a more general approach
for the potentials of the defect systems and also includes
contributions from quasiharmonic low-energy excitations.



626

The soft potential model gives qualitatively similar
but quantitatively slightly different predictions for the
thermally activated regime. Based on the assumptions
regarding the potential parameters a distribution function
P(V) o V= is predicted for small values of the barriers,
where « is a number between 0.25 and 0.75 depending
on the glass. We will briefly come back to this point in
Section 4.1 but we will refrain from a detailed discussion
of the soft potential model in this paper.

2.2.2 Temperatures below 0.1 K

Low-frequency acoustic measurements on several
glasses [23,27] show clear deviations from the pre-
dictions of the standard tunneling model also at very
low temperatures. For instance, the ratio of slopes of the
change of sound velocity below and above the maximum
was found to be rather close to 1 : (—1) rather than
2 : (—=1) as expected from equations (3, 5). Moreover,
below a few millikelvin a “cutoff” or “saturation” of
the sound velocity occurs, e.g. in vitreous silica [31],
and the internal friction varies at very low temperatures
almost linearly in temperature rather than proportional
to T° [23,27,31]. These and several other experimental
results [15-17,20] indicate that the standard picture
of non-interacting tunneling states is not sufficient but
that interaction between tunneling states can be of great
importance, in particular at very low temperatures.

Various theories have been suggested to take into
account the mutual interaction of tunneling states in
glasses [32-34]. Recently, Burin and Kagan [35] proposed
the occurrence of pair excitations due to interacting tun-
neling states to explain the linear temperature dependence
of the internal friction in glasses at very low temperatures.

A somewhat different approach to address the above
mentioned experimental results was given by two of
us [19]. Based on a theory worked out by Wiirger for the
tunneling of substitutional defects in alkali halides [36,37]
a simplified picture for the possible influence of interaction
between tunneling states in glasses was developed. In this
model the interaction leads to an incoherence of the tun-
neling motion at very low temperatures. As a result, the
resonant contribution to év/v is reduced but additional
relaxation effects occur and modify the temperature de-
pendence of Ju/v and Q1. For instance, the temperature
dependence of the internal friction at low temperatures
changes from a cubic to an approximately linear behav-
ior [19].

3 Experimental

3.1 Vibrating reed technique

The low-frequency elastic properties of small plates or
reeds can be investigated using the vibrating reed tech-
nique [23,31,38]. A thin rectangular plate of the sample
material is clamped at one end between two copper blocks.
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Before clamping, a thin (~ 30 nm) gold film is sputter-
deposited on both sides of the reed to provide electric con-
ductivity. The reed is electrostatically driven to forced vi-
brations at its lowest eigenfrequency by an electrode close
to the sample surface at the free end, and a second elec-
trode on the opposite side is used for the detection of the
vibration. Typical resonance frequencies are in the range
1—-10 kHz.

A phase-sensitive detection scheme and computer-ba-
sed control loop is used to keep the sample at resonance.
Relative changes of the sound velocity dv/v = 0f/f can
be measured with an accuracy better than 10~6 by moni-
toring changes of the resonance frequency f. The absolute
value of the internal friction Q! is determined with an ac-
curacy of 3—5% from evaluation of full resonance curves or
from the exponential decay of the vibrational amplitude
after turning off the drive voltage. The best resolution
for the detection of relative changes of the internal fric-
tion with a typical error of 1% is achieved by monitoring
0AJ/A ~ 0Q/Q, where A is the amplitude of the reed at
resonance.

As especially at low temperatures spurious nonlinear
behavior of the reeds may occur, i.e., a dependence of the
resonance frequency and/or the internal friction on the
drive voltage [23,31], attention was paid to ensure that
the resonance curves were always symmetric. The max-
imum strain amplitudes occurring at the clamping po-
sition were 1 x 1077 or less. Only for sample K17
(100x10'® n/cm?) some nonlinear behavior remained as
in this measurement the signal-to-noise ratio at very low
temperatures was too small to allow a further reduction
of the excitation voltage.

Another problem of vibrating reed experiments are
background losses due to sample clamping which impose
a severe limit on exact measurements of very small values
of the intrinsic internal friction and of very small changes
of the sound velocity. This background contribution that
seems to vary in a non-universal way for different samples
makes it difficult to interpret results in the high-Q regime
(Q ~ 10° and above) of vibrating reeds quantitatively. The
underlying physical reasons of background losses are only
poorly understood yet. It seems plausible that some vi-
brational energy of the reed is transferred into the copper
clamps since at the clamping position the maximum strain
amplitudes occur; this “radiation” effect would lead to a
finite dissipation even if the intrinsic losses of the sample
were negligibly small. It is still not clear, however, to which
extent the observed changes of jv/v and Q! are deter-
mined by the acoustic mismatch between reed and clamp,
by the internal friction of the clamp material, or by the
intrinsic properties of the sample. We want to stress, how-
ever, that the background losses become important only
for samples with high quality factors Q.

3.2 Sample characterization
The reeds were cut from pieces of synthetic quartz

and were irradiated with fast neutrons at SCK in Mol,
Belgium. Typical sample dimensions were 8 x 2 x 0.2 mm?.
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Table 1. Label, neutron irradiation dose, mass density, and
resonance frequency of the samples. Relative errors of the mass
density measurements of the neutron-irradiated samples are
~107°.
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Label Neutron dose  Mass density  Frequency
[10'® n/cm?] [g/cm? [kHz]
unirradiated 0 2.6499 3.1
K12 4.6 2.640 5.8
K15 21 2.631 7.6
K16 47 2.557 3.1
K17 100 2.256 3.3
K18 200 2.258 2.9
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The irradiation was isotropic, and the sample tempera-
ture during irradiation was approximately 100 °C. Sam-
ples with five different irradiation doses (4.6—200 x
10" n/cm?) were studied as well as an unirradiated quartz
crystal. The irradiation doses refer to the flux of neu-
trons with energies above 0.3 MeV. Table 1 lists the labels
(which are the same as those for the ultrasonic studies of
Refs. [5-11]), the neutron-irradiation doses, the mass den-
sities, and the eigenfrequencies of all samples.

The long side (8 mm) of the reeds was parallel to
the crystallographic z-axis, and the second longest side
(2 mm) parallel to the z-axis. Since in a vibrating reed
experiment a bending mode is excited both longitudinal
and transversal strain occurs in the sample. In our geome-
try the longitudinal strain was parallel to the z-axis while
transversal strain occurred in y-direction (and no strain
at all in z-direction). The ratio of the longitudinal to the
transversal strain amplitude depends on Poisson’s ratio o.
For a typical value o ~ 0.1 the longitudinal component is
about twice as large as the transverse one.

4 Results and discussion
4.1 Overall temperature dependence

Figure 1 shows the temperature dependence of the sound
velocity over a wide range of more than four decades
in temperature for the unirradiated quartz sample, the
neutron-irradiated samples K12 and K17 (4.6 and 100 x
108 n/cm?, respectively), and, for comparison, of vitreous
silica (Suprasil W, f = 11.4 kHz). The low-temperature
(T < 1 K) properties of the quartz samples will be dis-
cussed in more detail in the following Section 4.2. For the
overall picture it is important to note that the changes of
the sound velocity of the unirradiated reed and of the K12
sample are very similar: Below 10 K the temperature de-
pendence of the sound velocity is very small but at higher
temperatures a strong reduction of dv/v occurs which is
a little more pronounced for the lightly irradiated sam-
ple. This decrease of the sound velocity with increasing
temperature cannot be explained to arise only from the
increase of the internal energy — in this case one would
expect a reduction proportional to 7% which is not seen

Temperature [K]

Fig. 1. Temperature dependence of the relative change of
sound velocity of an unirradiated quartz crystal, of neutron-
irradiated quartz samples K12 (4.6 x 10'® n/cm?) and K17
(100 x 10'® n/cm?), and of vitreous silica (Suprasil W). Data
for different samples were offset for clarity.

in the experiments. Rather, a more complicated polyno-
mial fit with a linear, quadratic, and quartic term leads
to a satisfactory agreement with the data; however, it re-
mains unclear, if such a fit with three free parameters has
a distinct physical meaning. It is conceivable that — as
recently demonstrated by Liu et al. [39] in low-frequency
experiments on metals — dislocations have a significant
influence on the elastic properties observed here.

In comparison to the lightly irradiated reed (K12),
the sample K17 (100 x 10*® n/cm?) which is in the com-
pletely amorphous metamict phase shows a qualitatively
different behavior: It exhibits a minimum of sound ve-
locity around 60 K which is also seen in vitreous silica
at a similar temperature (50 K). The reason for the oc-
currence of this minimum that has been observed before
in vitreous silica in several high frequency measurements
[26,40,41] is still not clear. The point we want to make
here is that highly irradiated quartz crystals show a qual-
itatively similar (though quantitatively different) behavior
as vitreous silica whereas lightly irradiated quartz samples
have very similar low-frequency elastic properties as unir-
radiated quartz. This confirms the expectation that by an
enhancement of the neutron dose it is possible to obtain a
transition from crystal-like to glass-like elastic properties;
similarly, such a transition has been clearly demonstrated
for the low-temperature thermal conductivity by de Goér
et al. [42].

The general observations from Figure 1 are confirmed
by measurements of the temperature dependence of the
internal friction. In Figure 2 again results for sample
K12 and for a sample in the metamict phase (K18,
200 x 10'® n/cm?) are shown in comparison to vitre-
ous silica (data from Ref. [23]). For clarity, results for
the unirradiated sample have been omitted in this graph
since on the coarse scale of Figure 2 they could be hardly
distinguished from those of sample K12. The lightly ir-
radiated crystal K12 has a very small internal friction
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Fig. 2. Temperature dependence of the internal friction of
neutron-irradiated quartz samples K12 (4.6 x 10'® n/cm?) and
K18 (200 x 10'® n/cm?) and of vitreous silica (Suprasil W).

and shows only a weak temperature dependence below
10 K. At higher temperatures the internal friction in-
creases and becomes around 100 K comparable to the val-
ues of the other two samples shown in Figure 2.

Qualitatively and quantitatively completely different
are the data for vitreous silica which can be well described
by the theory depicted in Section 2 (see also Refs. [23,26]).
Around 1 K the internal friction is almost independent of
temperature as predicted by equation (4). Above 5—10 K
thermally activated relaxation and/or incoherent tunnel-
ing [27] set in and lead to an increase of Q! whereas above
30 K the internal friction decreases due to the decreasing
number of double well potentials with large barriers. At
temperatures below ~ 200 mK the internal friction de-
creases with decreasing temperature since the relaxation
times even of the fastest tunneling systems with £ ~ kgT
become too long to fulfill wry, = 1.

The irradiated quartz K18 shows a similar qualitative
behavior as the glass but several interesting differences be-
tween the two samples can be observed. First of all, the
plateau value of the internal friction of sample K18 is ap-
proximately 40% smaller than for vitreous silica. This is
remarkable since both samples are fully amorphous, have
the same chemical composition, and are constituted of the
same basic unit, namely the SiO4 tetrahedron. A similar
result has been found in ultrasonic measurements on sam-
ples K17 [8] and, very recently, K18 [11]. Secondly, in the
“plateau” region the internal friction is not really inde-
pendent of temperature but a small decrease of Q! with
increasing temperature occurs. Finally, the maximum of
Q! of the metamict sample around 30 K is reduced by
more than a factor of 3 compared to vitreous silica. These
observations indicate that the distribution of the charac-
teristic parameters of the tunneling states in both samples
must be significantly different; a simple scaling of the dis-
tribution function of vitreous silica by a constant factor
is not sufficient to explain the data of sample K18. The
fact that Q! is not independent of temperature in the
plateau region points to a distribution function which, in
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Fig. 3. Comparison between the temperature dependence
of the internal friction of vitreous silica (Suprasil W),
neutron-irradiated quartz in the metamict phase (K18, 200 x
10" n/cm?), and compacted vitreous silica (Suprasil I). Data
for sample K18 were multiplied by 1.6 and data (from Ref. [43])
for the compacted glass by 2. The solid line is a fit described
in the text.

contrast to equation (8), is not constant even for small
potential barriers V or tunneling parameters A\. Moreover,
the strong suppression of the thermal relaxation peak in-
dicates that the reduction of systems with high barriers
is more pronounced than that of defect states with low
barriers. A numerical analysis shows that fair agreement
between data and theory can be obtained by multiply-
ing the distribution function (8) by a term constx V93
as shown in Figure 3 by the solid line. Significant devia-
tions occur only in the temperature ranges below 50 mK
(see Sect. 2.2.2), around 10 K (see Sect. 2.2.1), and above
50 K where apparently the assumed distribution function
P (V') drops off too quickly. One should note that the ad-
ditional term V93 in the barrier distribution is in good
agreement with the soft potential model briefly mentioned
in Section 2.2.1 and deviates from the assumption of the
standard tunneling model (Eq. (1)).

What are the reasons for the differences between
the glassy and the metamict phase of SiO2? One ob-
vious difference between the samples is the density
which is approximately 3% smaller in the glass (2.20 wvs.
~ 2.26 g/cm?®). It appears therefore interesting to com-
pare our results with internal friction data of compacted
vitreous silica which were obtained with the same ex-
perimental technique [43]. The sample was a piece of
Suprasil I glass [44] densified at 600 °C and at a pressure
of 40 kbar. The resulting mass density was 2.45 g/cm3,
i.e., about 11% higher than before densification. Figure 3
shows the temperature dependence of the internal friction
of this sample at 12 kHz in comparison with the neutron-
irradiated quartz K18 and vitreous silica (same data as in
Fig. 2). Note that in Figure 3 the data (open circles) and
the fit (solid line) of the K18 sample were multiplied by 1.6
and the data of the compacted sample (filled squares) by
a factor of two. This was done to scale the plateau regions
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of all three samples to a similar — though still distinguish-
able — level and thus to demonstrate that the heights of
the relaxation peaks around 30 K scale in a clearly differ-
ent way than the plateaus around 1 K. Figure 3 demon-
strates that the compacted sample has a “plateau” value
of Q! which is almost 30% and a relaxation peak which
is more than 40% smaller than for the metamict sample.
Comparing the results of the three samples we find a sys-
tematic correlation: Firstly, an increase of the mass den-
sity of amorphous SiOs leads to an overall reduction of the
density of states of double well defect states and secondly,
the shape of the barrier distribution function changes —
an increase of p reduces the number of defect states with
high barriers more drastically than the number of systems
with small barriers.

The results of Figure 3 also allow a comparison of the
coupling strengths v — or more precisely, of the prefac-
tors of the one-phonon relaxation rate (Eq. (2)) — as the
plateau region will extend to lower temperatures when
~ is enhanced. It turns out that the prefactors of the
one-phonon relaxation rate have very similar values for
all three samples. The differences in the low-temperature
part of the curves — the plateau of Q~! of the meta-
mict sample extends to significantly lower temperatures
— are only a consequence of the smaller experimental fre-
quency of this sample (2.9 kHz versus 11.4 and 12 kHz,
respectively).

4.2 Low-temperature properties
4.2.1 Temperature dependence

The range of very low temperatures (7' < 1 K) reveals in
general particularly interesting information on the num-
ber and the dynamics of tunneling states in disordered
solids (Egs. (3-6)). Figure 4 shows the temperature depen-
dence of the internal friction (upper panel) and of the rel-
ative change of sound velocity (lower panel) below 1 K of
the unirradiated quartz crystal (solid line) and of neutron-
irradiated quartz samples K12, K16, and K18 (from bot-
tom to top). Note that the ordinate of the sound velocity
panel is expanded by more than two orders of magnitude
compared to Figure 1 and the ordinate of the internal
friction panel by a factor of four compared to Figure 2. In
contrast to the overall temperature behavior, all samples
show a qualitatively similar low-temperature behavior but
drastic quantitative differences occur. At the lowest tem-
peratures the sound velocity increases as the logarithm of
temperature, passes a maximum, and decreases towards
higher temperatures, again nearly logarithmically. The in-
ternal friction increases strongly with rising temperature
and becomes almost independent of temperature above a
few 100 mK (plateau region). These findings are in qual-
itative agreement with the predictions of the tunneling
model equations (3-5) but, quite remarkably, all devia-
tions that have been observed in recent measurements on
glasses [23,27,31] (see Sect. 2.2.2) can be observed for the
neutron-irradiated quartz crystals as well: The ratio of
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Fig. 4. Temperature dependence of the internal friction (up-
per panel) and of the relative change of sound velocity (lower
panel) below 1 K of an unirradiated quartz crystal (solid line)
and of neutron-irradiated quartz samples K12, K16, and K18
(from bottom to top). Sound velocity data for different samples
were offset for clarity.

slopes of the sound velocity below and above the maxi-
mum is close to 1 : (—1) rather than 2 : (—1) and the inter-
nal friction increases approximately linearly rather than
as the temperature cubed. Thus if we follow reference [19]
and assume that like in glasses the shortcomings of the
tunneling model are due to the neglection of interaction
among the tunneling states we are led to conclude that
in neutron-irradiated quartz crystals interaction between
neighboring tunneling systems is of great importance, too.
This may impose interesting microscopic implications: As
mentioned in the introduction the radius of the radiation-
damaged regions in quartz is only on the order of 10 A. If
interaction between tunneling states is important even for
lightly irradiated samples like K12 where most amorphous
clusters are still well separated this seems to imply that
a single cluster — including, however, its disturbed crys-
talline environment — would have to host more than one
tunneling system. Interaction between tunneling systems
in different clusters appears to be a less favorable expla-
nation since an increase of the cluster density (i.e. of the
neutron dose) does not lead to a qualitative change of the
temperature dependence of the elastic properties.
However, the above interpretation has to be consid-
ered with some caution since the experimental results may
be influenced by background losses arising from the sam-
ple clamping (see Sect. 3.1). In particular, the results for
sample K12 that has a very small internal friction may
be affected to some extent by these background effects.
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Fig. 5. Temperature dependence of the internal friction (up-
per panel) and of the relative change of sound velocity (lower
panel) below 1 K of the unirradiated quartz sample.

As an example of the possible relevance of background
contributions we show in Figure 5 the data of the unirra-
diated quartz sample on a scale that was expanded once
more by almost a factor of 50 compared to Figure 4. Al-
though the sound velocity data show a behavior somewhat
different from that of the irradiated crystals — the slope
of Jv/v below the maximum is clearly smaller than above
the maximum — there is still an overall qualitative simi-
larity. In contrast, ultrasound experiments showed below
10 K no significant temperature dependence of the sound
velocity of a sample cut from the same piece of material [7]
and measurements of the ultrasound attenuation were lim-
ited by the experimental resolution, i.e., the attenuation
of the sample was extremely small [6].

Although a conclusive statement on the relevance of
interaction for lightly irradiated quartz samples cannot
be made we want to stress that (with the possible excep-
tion of sample K12) the data for the neutron-irradiated
samples (K15 — K18) are barely influenced by background
losses since the intrinsic relaxation contributions are con-
siderably larger than all spurious effects.

4.2.2 Dependence on the neutron dose

It is interesting to have a closer look at the positions of
the maximum of sound velocity of the different samples
(see Figs. 4 and 5). According to equation (6) the tem-
perature of the maximum is closely related to the prefac-
tor of the one-phonon relaxation rate (Eq. (2)) and thus
to the deformation potential. With increasing dose the
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Fig. 6. Temperature Timax at which the maximum of sound ve-
locity occurs as a function of the neutron dose. To allow a rea-
sonable comparison between the different measurements which
were all taken at different frequencies, all data points were
scaled using equation (6) to a typical frequency of 5 kHz. The
dotted line labeled a-SiOs indicates the corresponding maxi-
mum temperature for vitreous silica [23]. The solid line is a
guide to the eye only.

maximum first shifts to lower temperatures (130 mK for
the unirradiated crystal, 110 mK for sample K12, and
65 mK for sample K16) but then for even higher irra-
diation doses the temperature of the maximum slightly
increases (70 mK for sample K18). Unlike in the discus-
sion of the internal friction data of Figure 3 at the end of
Section 4.1, these differences cannot be solely explained by
the different experimental frequencies. To eliminate the ef-
fects due to the different measuring frequencies we have
assumed the relation Thax x w'/? (Eq. (6)) to be valid for
our experiments and have scaled all experimental values
Tmax,exp to the same reference frequency fror = 5 kHz, i.e.,
Trnax.scaled = Tmax.exp(fret/f)/3. The results for all sam-
ples are shown in Figure 6 as a function of the neutron
dose. As already indicated above, for the sample K16 a
shallow minimum of T},,x occurs indicating a particularly
strong coupling v between tunneling systems and phonons
for this sample. We will discuss this observation in some
more detail in the following subsection 4.3. The rather
large lower error bar of sample K17 (100 x 108 n/cm?) is
a result of nonlinear behavior that could not be entirely
avoided for this sample (see Sect. 3.1). It is known from
glasses that in the nonlinear range of vibrational ampli-
tudes the position of the maximum shifts to higher tem-
peratures when the drive voltage is increased [23,31].
From Figure 4 and from similar data for the reeds
K15 and K17 one can deduce the macroscopic coupling
constants C' for the different samples using equations
(3-5). However, as the experimental results, e.g. the ra-
tio of slopes of dv/v below and above the maximum,
cannot be correctly described by the standard tunnel-
ing model the parameters C' will have different values de-
pending on whether equation (3), (4), or (5) is used. On
the other hand, all samples show very similar deviations
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investigated. Open triangles denote data where C' was derived
from the plateau value of Q™' (Eq. (4)) while the open squares
(full circles) were derived from the slope of the sound velocity
above (below) the maximum of sound velocity (Egs. (3, 5)).
Error bars (~ 6% for @ * and ~ 10% for év/v) have been
omitted for clarity. The solid lines are guides to the eye only.

from the standard tunneling model and hence it may
still be interesting to discuss the values of the macro-
scopic coupling constants determined from different
methods as a function of neutron dose. Moreover, as
discussed in Section 2.2, one may expect that the
standard tunneling model gives a reasonable quantita-
tive description at least at temperatures ~ 0.2 — 1 K
where equations (4, 5) are applicable. Figure 7 shows
different data sets of C' as a function of neutron dose
where C' was determined from the low-temperature slope
of the sound velocity according to equation (3) (full cir-
cles), from the “high-temperature” (7' > 250 mK) slope
of dv/v according to equation (5) (open squares), and
from the plateau value of the internal friction according to
equation (4) (open triangles). The latter two sets of data
are in good agreement whereas — corresponding to the
“wrong” ratio of slopes — the values of C' determined
from the low-temperature slope of dv/v are smaller by ap-
proximately a factor of two. However, all data sets show
almost the same relative change of C as the neutron dose
is enhanced: C' increases approximately linearly for small
and moderately high doses (< 50 x 10'® n/cm?) and sat-
urates for high doses (> 100 x 10*® n/cm?). Only a very
small change of C' is observed when the dose is increased
from 100 x 10*® n/cm? to 200 x 10'® n/em?. This is not sur-
prising since sample K17 (100 x 10*® n/cm?) is known to
be already completely amorphous, and hence only minor
structural changes will be induced upon further irradia-
tion. No value of C' was determined for sample K17 from
the low-temperature slope of the sound velocity. Again the
reason was that the low-temperature results for this spec-
imen were significantly influenced by nonlinearities which
lead to systematic errors in dv/v [23,31].
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4.3 Comparison with ultrasound experiments

It is interesting to compare the results of Figure 7 with
data derived from experiments where longitudinal ultra-
sound was applied to neutron-irradiated quartz samples
cut along different crystal axes. The investigated samples
in the present work are from the same origin as those used
in the ultrasound measurements. In addition, the samples
were irradiated in the same reactor, using the same irradi-
ation procedure and the same flux calibration. This makes
reliable comparisons possible. Comparisons between data
from different reactor sites cannot readily be made be-
cause of differences in flux calibration procedures. Figure 8
shows the parameter C' derived from ultrasound attenu-
ation measurements for crystals cut in a- (open squares)
[8,10] and in z-direction (full circles) [9] in comparison
to our data derived from the plateau value of the inter-
nal friction (open circles). The data point (open square)
at 200 x 10 n/cm? was actually deduced from sound
velocity measurements and appropriately scaled to allow
for the differences in the values of C determined from
dv/v and Q1, respectively [11]. Although the K18 sam-
ple (200 x 10'® n/cm?) was a z-cut crystal one expects
the same result for a z-cut quartz irradiated with this
high dose since the sample should be completely isotropic.
Therefore the guiding line for the z-cut samples extends
to 200 x 10'® n/cm?.

As mentioned in the introduction a strongly aniso-
tropic behavior is found in the ultrasound experiments.
While the results for the z-cut samples — a monotonic
increase for small doses and a saturation at high doses
— are fairly close to the vibrating reed data, the z-cut
samples exhibit a pronounced maximum of C at a dose of
47 x 10'® n/cm?. This strong anisotropy has been inter-
preted to arise from the anisotropy of the tunneling motion
of two-level-systems in the crystalline regions of the sam-
ple (see introduction) [9]. Similar ideas for the microscopic
origin of the tunneling states in vitreous silica have ten-
tatively been proposed by other groups [45,46]. In fact,
it seems very plausible that the nature of the tunneling
states in amorphous SiOs is not much different from that
in the distorted crystalline regions of neutron-irradiated
quartz.

The monotonic dose dependence of C observed in our
vibrating reed measurements is consistent with the ultra-
sound data and hence with the underlying microscopic
picture. In our experiments the dominant strain compo-
nent is longitudinal and parallel to the z-axis. Hence we
may expect that the values of C derived from the low fre-
quency experiments are similar to those for the ultrasound
experiments on z-cut samples. Despite the very large dif-
ference (factor 10°) in experimental frequency — and thus
in relaxation times of the relevant tunneling systems —
the results do in fact agree even quantitatively within
~ 30%. This demonstrates, in accordance with former low-
frequency elastic measurements [13], that the distribution
of relaxation times must be similarly broad as for amor-
phous solids.

One may wonder whether one would not expect at
least a small anomaly in Figure 7 for the sample K16
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Fig. 8. “Macroscopic coupling constants” C' as a function of
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brating reed measurements of the plateau height of Q! (same
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and in z-direction (full circles) (from Ref. [11]). The solid lines
are again only guides to the eye.

(47 x 10'® n/cm?), since besides the dominant longitudi-
nal strain in z-direction a smaller transversal strain com-
ponent perpendicular to the z-axis occurs which might
contribute significantly to the elastic properties. This
transversal strain, however, is for our sample geometry
parallel to the y-axis and hence it is difficult to relate our
results to the ultrasonic experiments; no ultrasound mea-
surements have been performed yet in y-direction.

Even though the parameter C' does not show any pe-
culiarity for the K16 reed (47 x 10'® n/cm?) we find
an indirect indication of a directional dependence of the
deformation potential when we return to the results of
Figure 6: The minimum of Ty, for sample K16 indicates
a particularly strong coupling v between tunneling states
and phonons for this sample. Since thermal phonons of all
polarizations and directions can contribute to the relax-
ation processes, the deformation potential relevant here is
an average over all directions. Despite this averaging, a
small effect — presumably arising from the very strong
coupling of thermal phonons propagating in z-direction
— remains for the highly twinned sample K16 and leads
to the observed reduction of the maximum temperature
of dv/v. This clearly supports the results (Fig. 8) and the
interpretation of the high frequency experiments [9]. To
further investigate the strong anisotropy of the phonon
coupling observed in the ultrasound experiments we are
planning to do vibrating reed and torsional oscillator mea-
surements on neutron-irradiated quartz samples cut along
different crystal axes.

5 Summary

We have presented a systematic investigation of the low-
frequency elastic properties of neutron-irradiated quartz
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crystals. It was shown that the overall temperature de-
pendence — spanning more than four orders of magnitude
in temperature — of the elastic properties of the samples
changes from a crystal-like to a glass-like behavior when
the neutron dose is enhanced. However, even for the com-
pletely amorphized samples the density of states of tunnel-
ing systems is reduced compared to vitreous silica. All this
is in agreement with previous findings in ultrasound and
thermal conductivity measurements which were, however,
mainly limited to the temperature region below ~ 10 K. In
addition, it was found that the occurrence of double well
potentials with large barriers is more strongly suppressed
than that of systems with small barriers, i.e., the distribu-
tion functions of double well parameters of vitreous silica
and neutron-amorphized quartz are even qualitatively dif-
ferent. The number and the distribution of defect states
seems to be closely related to the mass density or, in other
words, to the free volume [47] of amorphous SiO2 samples:
Pressure compacted vitreous silica with a yet higher mass
density shows an even stronger reduction of the number
of defect states, especially of those with large barriers.
In amorphous SiO2 a smaller density and hence a more
open structure seems to facilitate the occurrence of tun-
neling processes and thermally activated motions. This is
not implausible since a higher mass density may lead to
additional constraints in the amorphous network and may
thus hinder small configurational changes.

At low temperatures the samples showed a rather sim-
ilar qualitative behavior of dv/v and Q! but very large
quantitative differences. Evidence for the importance of
mutual interaction of tunneling states was found for the
samples irradiated with rather high neutron doses; due to
limitations of the experimental method some uncertainty
remained whether or not this is the case for samples with
small irradiation doses, too. From the low-temperature
data the macroscopic coupling constant C was deter-
mined. It showed a linear increase for small doses and
a saturation when the samples become fully amorphous.
A non-monotonic behavior was found for the position of
the sound velocity maximum as a function of neutron
dose. The sample with the largest number of Dauphiné-
microtwins showed an especially strong coupling between
tunneling states and phonons. This supports the micro-
scopic picture deduced from ultrasound experiments that
the tunneling motions in SiO5 are due to coupled rotations
of SiO4 tetrahedra.

We would like to thank V. Keppens for helpful discussions.
We are also grateful to G. Weiss for providing the data of the
compacted glass sample and to the SCK (Mol, Belgium) for
the neutron irradiation.
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