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Ultrasonic velocity change and attenuation measurements are performed in neutron-irradiated z-cut
quartz, for three different doses. From numerical fits of the data using the tunneling model, the typical
parameters of the tunneling states (TS) are determined and compared with those found in comparable x-
cut samples (irradiated under the same conditions and with similar doses). This study reveals a remark-
able anisotropy, which has to be attributed to the tunneling mechanism itself. In search of the micro-
scopic origin of the tunneling states, these results give direct experimental evidence for a microscopic
picture of the TS as a rotation of coupled SiO, tetrahedra. At the same time, they provide important evi-
dence for the missing link to obtain a common interpretation of all three low-frequency excitations in

vitreous silica.

I. INTRODUCTION

For about two decades, the low-temperature properties
of amorphous materials have been successfully described
by the tunneling model (TM),! assuming the existence of
low-energy excitations, the so-called tunneling states
(TS). In spite of its success, this model is purely phenom-
enological and the microscopic origin of the TS remains
unknown. In the search for an identification of this mi-
croscopic nature, defective crystals turned out to be very
interesting. In our laboratory, a systematic study of the
TS in neutron- and electron-irradiated x-cut quartz is be-
ing carried out by means of ultrasonic measurements.>>
From this study, it became clear that the tunneling states
cannot only be contained in amorphous regions; a consid-
erable part of the TS has to be attributed to the remain-
ing distorted ‘“‘crystalline” fraction of the samples. In
view of the microscopic origin of the TS, an important
question arises now: what is the damage in the crystal-
line part of the sample which can account for the ob-
served TS? This paper will address this question: ul-
trasonic measurements are carried out in neutron-
irradiated z-cut quartz and provide experimental evi-
dence for a microscopic description of at least part of the
TS in neutron-irradiated quartz.

The key idea to approach z-cut samples is the follow-
ing: the damaged “‘crystalline” part of neutron-irradiated
quartz is known to contain radiation-induced Dauphiné
twins: groups of SiO, tetrahedra which are rotated 180°
with respect to each other.* The idea rose that the “crys-
talline” TS could be related to these twins, but up to now
experiments which could give evidence in favor of or
against such a description of the TS were still lacking. A
comparison of the TS in previously studied neutron-
irradiated x-cut quartz with the TS in similar z-cut speci-
mens might, however, reveal important information on
this issue: since the movements involved in the twinning
motion take place mainly in the xy plane, a longitudinal
wave traveling in this plane is expected to induce more
easily a transition of a tetrahedron (or chains of tetrahe-
dra) than a wave in any other direction. If the TS are re-
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lated to the twins, this would lead to an anisotropic cou-
pling of the TS with the longitudinal phonons. Therefore
we performed ultrasonic measurements as a function of
temperature in z-cut quartz samples, irradiated under the
same conditions and with similar doses as the x-cut sam-
ples studied before. But, whereas the applied longitudi-
nal wave propagated along the crystallographic x axis in
the x-cut samples, the z-cut samples are probed along the
z axis. This allows one to investigate the possible
influence of the direction of the wave propagation on the
coupling with the TS. Three different doses are studied,
and both attenuation and velocity measurements have
been carried out. This gives an extensive set of data, al-
lowing a profound and reliable analysis. Numerical fits of
the data, using the tunneling model, are carried out; the
typical TS parameters are determined and compared with
those found in comparable x-cut samples. Remarkable
anisotropic behavior is seen, leading to important evi-
dence for a microscopic description of the tunneling
states in SiO,.

II. THEORETICAL CONSIDERATIONS

In the tunneling model,! the TS arise from the tunnel-
ing of atoms or groups of atoms in a double well. The en-
ergy difference between the eigenstates is given by
E=vV A2+A% with A the asymmetry of the double well.
A, is the tunnel splitting, written as Ay=#Q exp(—A),
where A describes the overlap of the wave functions. One
of the basic assumptions of the tunneling model is that A
and A are independent of each other and have a uniform
distribution P(A,A)dAdA=PdAdA, with P a constant,
the density of states of the TS.

To describe the effect of the TS on the low-temperature
ultrasonic properties, two different mechanisms have to
be considered. First, there is the resonant absorption of
the sound wave by those TS having an energy splitting E
corresponding to the phonon energy (E =#iw). Because
of the wide distribution of energy splittings, this process
occurs at all frequencies. When #iw <<kT, this process
leads to a frequency-independent but temperature-
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dependent change in the velocity of sound given by’

v(T)—v(Ty) Py?
DTV o LY T (1)
U(To) To pUIZ To

with T, an arbitrary reference temperature and y; the
coupling of the TS with the longitudinal phonons. For
our absorption measurements, this process need not be
considered, since its contribution in this high-energy ex-
periment is negligible compared to the second mecha-
nism, the relaxation process. This process results from
the modulation of the energy splittings A by the sound
wave. The TS are brought out of thermal equilibrium
and relaxation occurs via interaction with the thermal
phonons. At low temperatures, the most likely process is
the one-phonon process, giving rise to a relaxation rate®
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K; describes the coupling of the TS with the phonons,
taking into account all polarizations and directions. The
general expressions for @ and Av /v due to this process
are given in Ref. 7 and can be calculated numerically.
Analytic solutions, which can be derived for the limiting
cases wT, >>1 (with 7, the smallest relaxation time of
the TS) and wT,, <<1, are briefly discussed here.

At the lowest temperatures, where the condition
oT,, >>1 holds, the contribution to the velocity change
can be neglected, whereas the relaxational attenuation is
expe§t7ed to be frequency independent and proportional
toT":
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The wr,, <<1 condition is satisfied at higher tempera-
tures and leads to a temperature-independent attenuation
that varies linearly with frequency:’
TPy}
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The variation in the velocity of sound depends logarith-
mically on temperature in this regime and is frequency in-
dependent:’
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The expressions given so far are valid provided that the
TS relax via absorption or emission of a single thermal
phonon. At higher temperatures, above a few kelvin, a
two-phonon Raman process has to be taken into ac-
count.” A modified relaxation time has to be introduced,
7 1'=77'4+7,1, in which 7, is the relaxation time for the
one-phonon processes [see (2)] and 7, the relaxation time
for the Raman processes. This additional process causes
a stronger temperature dependence in the transition re-
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gion from the w7, >>1 to the wr,, <<1 regime but does
not influence the value of the ultrasonic attenuation out-
side this region.

III. EXPERIMENTAL RESULTS

For our experiments, three synthetic z-cut quartz sin-
gle crystals, labeled Z-N4, Z-N5, and Z-N6, were irradi-
ated up to doses of 9.9X 108, 3.0X 10, and 4.7 X 10"
n/cm?, respectively. These samples are the equivalents of
the previously studied x-cut samples N4, N5, and N6. To
make reliable comparisons with other measurements’
possible, accurate mass density measurements were car-
ried out. We used a hydrostatic method, obtaining values
for the density of 2.634%0.003, 2.614+0.003, and
2.585+0.003 g/cm3 for, respectively, Z-N4, Z-NS5, and
Z-N6. On these specimens, measurements of the varia-
tion of the longitudinal sound velocity were performed as
a function of temperature, in a *He cryostat. Using a
pulse-interference method developed in our laboratory®
accurate measurements which allow observation of rela-
tive velocity changes of the order of 10”7 were possible.
The absorption measurements were carried out with a
pulse-echo technique. For converting the electromagnet-
ic signal into an elastic wave, a LiNbO; transducer was
attached to the sample with a very thin Nonaq grease
bond.

Qualitative analysis of the data

Figure 1 shows the velocity change
Av _ v(T)—v(Ty)
v U( To )
as a function of temperature for the three samples. As

reference temperature T, the lowest temperature was
taken: 0.38 K for Z-N4, 0.335 K for Z-N35, and 0.315 K
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FIG. 1. Ultrasonic velocity change as a function of tempera-
ture for Z-N4, Z-NS5, and Z-N6; . fitted curve.
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for Z-N6. As can be seen, all three curves show a similar
behavior, typical for the presence of TS: at the lowest
temperatures (0.3-1.5 K), the velocity increases loga-
rithmically with temperature, as a result of the resonant
interaction between the TS and the acoustic phonons [see
(1)]. Above 1.5 K, the velocity change deviates from the
logarithmic law and a maximum is observed. This
behavior is a consequence of the relaxation process,
which causes a decrease of the velocity with increasing
temperature. When this contribution compensates that
of the resonant process, a maximum in Av /v is obtained.
At higher temperatures (the oT<<1 regime), a logarith-
mic decrease of the velocity change is expected, with a
slope half that of the resonant contribution [see (1) and
(5)]. However, as in glasses, a much stronger temperature
dependence is found. This has to be attributed to the Ra-
man processes mentioned above, which we will take into
account in the quantitative analysis further on.

The absorption® measured for the three doses is shown
in Fig. 2. These curves also show the typical TS
behavior described by the equations above. At the lowest
temperatures, a T> dependence is clearly seen, which is
typical for the w7>>1 regime of the relaxation process
[see (3)]. At higher temperatures, the absorption gradual-
ly levels off to a temperature-independent plateau, which
corresponds to the wr<<1 regime [see (4)]. Additional
measurements have been carried out to control the fre-
quency dependence of the attenuation.” While the T at
the lowest temperatures is found to be frequency indepen-
dent, the height of the plateau increases linearly with the
frequency, in complete agreement with the predictions of
the tunneling model.
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E o Z-N4 (310 MHz)
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o
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FIG. 2. Ultrasonic absorption as a function of temperature
for Z-N4, Z-N5, and Z-N6; : fitted curve. The subtracted
background attenuation @, is 0.60 dB/cm for Z-N4, 0.34 dB/cm
for Z-N5, and 0.85 dB/cm for Z-N6.
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Quantitative study of the measurements

Figures 1 and 2 show the fitted curves obtained from
numerical calculations using the tunneling model. From
these fits, the TS parameters C and K; and the Raman
parameter K, can be determined independently. As can
be seen, the fitted curves are in good agreement with the
experimental data. Only the maximum in Av /v for Z-N6
is not very well fitted, but this will not influence our dis-
cussion, since only the slope of the logarithmic increase
and the position of the maximum determine the parame-
ters derived from the velocity measurements. Table I
gives the parameters obtained from the velocity measure-
ments, as well as the value for Py?, which can be deduced
from C. The parameters determined from absorption
measurements are given in Table II. Both tables contain
also the parameters obtained from previous measure-
ments in x-cut quartz, irradiated with similar doses.>!°
We note that there is a discrepancy in the absolute values
of the parameters whether derived from absorption or ve-
locity measurements. This inconsistency is, however, not
atypical for these measurements, but has been observed
for most of the amorphous solids. It is one of the
shortcomings of the tunneling model and has been dis-
cussed in more detail in a previous paper.> Other authors
as well discuss these discrepancies.>!! This “inconsisten-
cy,” however, will not influence the validity of our fur-
ther discussion, since the latter will be purely based on
observed relative changes, and, considering these relative
changes, we see that the results of absorption and veloci-
ty measurements agree with each other.

A first comparison shows the same tendency for x- and
z-cut samples: from velocity and absorption measure-
ments, we can derive that increasing the neutron dose
mainly affects C and thus Py}. For the parameter K5,
similar values are found in the x- and z-cut samples, as
expected since it represents a mean coupling over all
directions and polarizations. The slight increase with the
dose, which was found before in x-cut quartz,'? is
confirmed in the z-cut samples. This good agreement is
an indication for the internal consistency of the measure-
ments and the analysis. A quantitative comparison of the
values obtained for Py? however, reveals a striking
difference: comparing two similar doses, Py? is found to
be significantly smaller in the z-cut samples than in the
x-cut samples. The difference increases with the dose: for
Z-N4, Py? is approximately 80% of the N4 value, but for
Z-N6, only 40% of the N6 parameter is found. Since the
irradiations took place in the same reactor, under the
same conditions, the damage in the x- and the z-cut sam-
ples should be very similar for similar doses, which is in
fact confirmed by the mass density measurements.
Therefore the density of states of the TS must be the
same in samples irradiated with the same dose. This
means that (Py?), <<(Py?), can be reduced to a
difference in y;: the coupling of TS with longitudinal
phonons traveling along the crystallographic z axis is
markedly smaller than the coupling with phonons in the
x direction, pointing out a strongly anisotrepic coupling.
The difference as observed from our measurements is
much too high to be accounted for by the anisotropy of
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the crystal (the crystalline anisotropy, reflected by the an-
isotropy in velocity and lattice parameter, is more like
10%, while the anisotropy observed in our data is
200-300 %) and must therefore be attributed to the tun-
neling mechanism itself.

A sceptical reader might ask whether the observed
difference between the x-cut and z-cut samples cannot be
due to the fact that the measurements are taken at
different frequencies. The factor of 2 in our frequencies,
however, cannot account for the observed differences be-
tween x- and z-cut samples, since a frequency dependence
is only observable when the frequencies differ by several
orders of magnitude, as is, e.g., the case when the param-
eters derived from measurements in the kilohertz range
are compared with those obtained from experiments in
the megahertz range.'"> Measurements carried out in a
frequency range from 100 to 700 MHz do not reveal
significant differences in the derived parameters with fre-
quency. One can also wonder whether the fits do not al-
low one to determine independent values for y; and for P.
v; might indeed be calculated from K;, which describes
the mean coupling between the TS and the phonons by a
summation over all directions and polarizations. But to
calculate y; properly, two “problems” need to be solved.
First, one needs to know the value of the transverse cou-
pling v,. To solve this problem (y, is not known from
our experiments), we can assume that y2/v?=y2/v?, as
observed in glasses.® A second difficulty arises from the
summation over the different directions. For glasses this
is not a problem, since they are isotropic, but-—as our
measurements show—this is not the case in neutron-
irradiated quartz: y; behaves anisotropically and the ve-
locities v; and v, are not exactly known for each direction
in the damaged environment. Since a separate, absolute
value for y, is not essential to the discussion, we there-
fore preferred not to give one.

IV. DISCUSSION: IMPLICATIONS FOR THE
MICROSCOPIC ORIGIN OF THE TUNNELING STATES

As we already mentioned, it was suggested before that
the “crystalline” TS (those which are in the crystalline
part of the sample) could be located at the microtwins in-
duced in quartz by neutron irradiation.> The disorder
caused by the fast neutrons is twofold: highly disordered
clusters are formed which are nearly amorphous and in
the crystalline part microtwinning (of the Dauphiné type)
is induced, leading to a hexagonal symmetry at doses
similar to that of N6.* The breaking of bonds is not re-
quired for the formation of the twins. They are formed
by small atomic displacements, which cause the passage
of small groups of SiO, tetrahedra from their original «
configuration to the opposite one. These groups have the
shape of small chains of tetrahedra in the directions [100]
and [110].* According to Grasse, Peisl, and Dorner!* the
same displacements, which are dynamic in an unirradiat-
ed crystal near the a-f8 phase transition, are statically in-
duced by distortions due to the neutron irradiation. The
phase transition has been studied extensively in quartz
and it is known that the small movements involved take
place mainly in the plane perpendicular to the crystallo-
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graphic z axis.!>!¢ If such configuration changes are in-
volved in the interaction with the ultrasonic phonons, it
can be expected that a longitudinal wave traveling in the
plane perpendicular to the z axis can more easily induce a
transition of a tetrahedron (or a chain of tetrahedra) than
a wave in any other direction, leading to a higher cou-
pling. We can relate this to observations of Duquesne
and Belessa.!” They connect the TS with the rigidity of
the network and find that highly constrained “rigid” ma-
terials inhibit tunneling motions, while tunneling of
structural entities is easily effected in a less constrained
“soft” environment. Since movements of tetrahedra are
taking place perpendicular on the z axis, we can consider
this xy plane as “soft” and thus enhancing the tunneling
motions. The z axis is a more “rigid” direction and
makes tunneling more difficult. This agrees with what is
observed in our experiments: the coupling is higher in
the x direction than in the z direction. It is direct experi-
mental evidence for the twins as microscopic origin for at
least part of the TS: the chains of tetrahedra which have
passed from the a; to the a, configurations are expected
to be able to flip rather easily from one configuration to
the other and so form a system with two possible equilib-
rium positions, a tunneling state. The number of tetrahe-
dra taking part in this process is not known and probably
varies, so that different energies are involved, leading to a
broad energy distribution, as expected for the TS.

In order to get a better insight into the movements in-
volved in this tunneling, we will now consider in some
more detail what happens at the phase transition. The
configuration changes there are a consequence of small
coupled rotations of adjacent tetrahedra which slightly
tilt along the binary axis.!>!® The Si atoms remain main-
ly fixed. In quartz there are chains of tetrahedra along
three directions enclosing angles of 120°. Within a row,
the coupling between the rotations of the tetrahedra is
such as to cause all O ions of the same chain to move in
the same sense horizontally, in the plane perpendicular to
the z axis.!® The tilt angle decreases with temperature
and is equal to 7° at 570°C, close to the transition,'> cor-
responding to a distance between the two possible oxygen
sites of about 0.3 A. This is in agreement with Dolino
et al.'® who give a distance of 0.4 A. From this we can
deduce that the TS can be seen as a cooperative tilt of
SiO, tetrahedra in a chain which involves movements of
the oxygen atoms up to about 0.4 A.

Tables I and II also show that for both absorption and
velocity measurements the anisotropy increases with neu-
tron dose. This can be seen as an indication that—in this
dose range —the relative contribution of the “crystalline”
TS compared to the “amorphous” TS (those in the amor-
phous regions) increases with increasing dose. The high-
ly anisotropic behavior of N6 agrees with the structural
model of this sample. From mass density measurements,
the amorphous fraction of N6 is estimated to be about
33%.3 In this sample, the remaining “crystalline’” part is
thus still twice as large as the amorphous part. More-
over, it is expected to consist fully of twins, since Comes,
Lambert, and Guinier* explain the hexagonal structure,
observed in a sample irradiated with a similar dose, as a
“saturation” of coexisting a;-a, twin domains. The con-
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tribution from this “crystalline” part to the TS will thus
be much bigger than the ‘“‘amorphous” contribution,
leading to a highly anisotropic coupling.

Previously it was shown that the TS seen in experi-
ments in neutron-irradiated quartz are similar to those
observed in amorphous SiO,: a similar coupling was
found, interpreted as similar TS,' and was confirmed by
our later experiments in neutron-irradiated quartz, where
the coupling was always found to be similar to that in vit-
reous silica. Both materials are built up by the same
basic unit: the SiO, tetrahedron. Therefore this paper
presents direct experimental evidence for the microscopic
origin of the TS in vitreous silica: small rotations or tilts
of coupled SiO, tetrahedra through distances of about 0.4
A. This description meets particularly well the predic-
tions based on the studies of structural relaxation and
low-frequency harmonic excitations in glasses: Buchenau
et al.?®*! found from their neutron-scattering experi-
ments that these excess excitations in vitreous silica can
both be described by coupled rotations of SiO, tetrahe-
dra. Their extrapolation? that the tunneling states in vit-
reous silica can also be described by such a model now
finds experimental evidence: our results provide the miss-
ing link for a common interpretation of all three groups
of low-frequency excitations found in vitreous silica.

V. SUMMARY

In this work, a study of the TS in neutron-irradiated z-
cut quartz has been performed: measurements of the ul-

trasonic attenuation and velocity change have been car-
ried out as a function of temperature. All data can be
successfully described by the tunneling model and from
numerical fits using this model the typical TS parameters
Py? and K, are derived. These results are compared to
the outcome of a previous study of similar x-cut samples.
Qualitatively, the x-cut and z-cut samples show the same
tendency: both attenuation and velocity change are
found to increase with increasing dose. But a quantita-
tive comparison of the values obtained for Py? reveals a
striking difference: comparing two similar doses, the
coupling of the TS with the longitudinal phonons turns
out to be much smaller in z-cut samples compared to the
x-cut specimens. The difference as observed from our
measurements is much too high to be accounted for by
the anisotropy of the crystal and is therefore attributed to
the tunneling mechanism itself. This gives direct experi-
mental evidence for a microscopic picture of the TS in
neutron-irradiated quartz in terms of the a,-a, twins,
leading to a description of the tunneling mechanism as
small rotations of coupled tetrahedra.
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