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Thermally activated relaxation processes in vitreous silica: An investigation by Brillouin scattering
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We have carried out Brillouin-scattering experiments on vitreous silica at temperatures between 50
and 300 K and pressures up to 3 GPa. Application of pressure leads to considerable changes of the

acoustic absorption and the velocity of sound. In order to explain our observations, we start from the
so-called "tunneling model, " which is often used to explain the low-temperature anomalies of amor-

phous solids. With an extension of this model, we are not only able to describe our experimental results

but also the acoustic behavior of vitreous silica at higher temperatures in general. The quantitative fits

of the experimental data achieved in this way give a hint as to the nature of the low-energy excitations

existing in glasses.

I, INTRGDUCTION

In general, glasses exhibit a local atomic order like
crystalline materials, whereas a long-range order is miss-
ing. In the case of vitreous silica, well-defined Si04
tetrahedra are the basic units of the amorphous network.
In covalently bonded glasses, long-range order is lost be-
cause of the occurrence of relatively small but random
variations of the bond angles. For this reason the geome-
trical configuration of glasses is not as well defined as that
of crystals and it is quite plausible that small local rear-
rangements of single atoms or small clusters of atoms are
possible even at temperatures well below the glass-
transition temperature. For a phenomenological descrip-
tion of this situation, we may introduce "defect states"
that reQect the properties of those specific configurations
in the glassy network where motion is possible. The
structural units forming the defect states are weakly con-
nected with the otherwise rather rigid network. It is this
ease with which small local changes can take place that
gives rise to acoustic and thermal properties of glasses
which differ considerably from those of their crystalline
counterparts.

Let us first consider the behavior of glasses at very low
temperatures. At temperatures around or below 1 K,
glasses exhibit a variety of properties which are anoma-
lous in comparison with those of their crystalline counter-
parts. ' The tunneling model ' offers a successful phe-
nomenological description of this behavior. This model
is based on the assumption that certain atoms or small

groups of atoms can occupy different stable positions,
thus forming the defect states mentioned above. In the
simplest case such a defect state consists of a "particle"
moving in a double-well potential. The transition from
one well to the other is expected to occur by quantum-
mechanical tunneling. In this case we eall the defect
states "tunneling systems. " Unfortunately, the micro-
scopic nature of these tunneling systems is known neither
in general nor in specific cases. The existence of tunnel-

ing systems gives rise to unusual thermal, acoustic, and
dielectric properties. They lead to a strong enhancement

of the specific heat well above the Debye value, particu-
larly at very low temperatures. It should be pointed out
that their dynamical properties are governed by their
internal motion, i.e., by the tunneling process.

At higher temperatures, however, the tunneling motion
loses its importance. Thermal activation enables the par-
ticles of the defect states to jump over the barrier in order
to go from one stable position to the other. Therefore,
with rising temperature a continuous transition from
quantum to classical states must occur, although the na-

ture of the defect states is not altered.
Based on the assumption that the same defect states

determine the elastic properties of vitreous silica from
cryogenic to room temperature, we develop a phenome-
nological model which leads to a correct description of
the acoustic properties in a very wide temperature and

frequency range. %e start with the tunneling model and
extend it by taking the thermally activated motion into
account and by making two additional but simple as-

sumptions concerning the relevant distribution functions.
This simple "defect model, " as we call it here, describes
not only the conventional acoustic measurements report-
ed in the literature, but also our Brillouin-scattering ex-
periments carried out at high pressure very well.

The present paper is structured as follows. The
description of the experimental procedure in Sec. II is fol-

lowed by the presentation of our experimental results in

Sec. III. The extension of the tunneling model and ana-

lytic approximations are discussed in Sec. IV. The results
of our numerical calculation and microscopic imphca-
tions are reported in Secs. V and VI, respectively. The
conclusion in Sec. VIE contains a brief summary of the
pertinent findings of this study.

II. EXPERIMENTAL PROCEDURE

We have performed Brillouin-scattering experiments
under hydrostatic pressure up to 3 GPa in the tempera-
ture range from 50 K to room temperature. Pressure was

generated in a Syassen-Holzapfel cell with two anvils of
conical shape made from synthetic sapphire. The height
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and larger diameter of the anvils were 8 mrn, and the
smaller diameter at the high-pressure side was 2 mm.
The sample volume, sealed by a copper-beryllium gasket,
was 200 pm high and had a diameter of 700 pm. A mix-
ture of ethanol and methanol was used as a pressurizing
medium. The pressure was determined to an accuracy
of 0.03 GPa via the frequency shift of the fluorescence
light of a ruby. Our sample of vitreous silica [Suprasil
W (Ref. 9)] had a diameter of 500 pm and was 160 pm
thick. Because of the large thermal contraction of the al-
cohol mixture, the pressure in the cell decreased on cool-
ing.

The velocity of sound, v, and the acoustic absorption a
of longitudinal phonons were determined by Brillouin
scattering. An argon-ion laser working at the wavelength
A,L=488 nm was used for illumination. The scattered
light was analyzed using an arrangement of a triple-pass
plane and a confocal Fabry-Perot interferometer in tan-
dem. ' Knowing the refractive index n of the sample, the
sound velocity can be deduced directly from the frequen-
cy shift b v of the scattered light by

2nv . 6Ihv=+ sin (1)
~L 2

The scattering angle 8 was 178' in our experiment, result-
ing in a Brillouin frequency hv=36 GHz. This shift is
determined by the frequency co/2n. of the phonons taking
part in the scattering event. The backscattering
geometry minimizes the frequency uncertainty due to the
finite aperture of the detected light. We have neglected
the temperature dependence of the refractive index, but
we have taken its increase with pressure of 10 per GPa
into account.

From the measured, linewidth I, the lifetime of the
scattering phonons and thus the absorption can be de-
duced using the relation

r
Av

'

where Q is the internal friction which is related direct-
ly to the absorption a and angular frequency u of the
phonons via the relation Q =av/co. High resolution
was achieved using a confocal interferometer with a mir-
ror spacing of 25 mm. The high contrast necessary to
suppress the relatively intense Rayleigh line was ob-
tained by a plane Fabry-Perot interferometer, working in
the triple-pass mode.

III. RESULTS

In Fig. 1 we show our measurements of the acoustic
absorption under zero pressure in the temperature range
between 50 and 300 K. With increasing temperature the
absorption rises, passes through a maximum, and de-
creases again. Despite a scatter of the experimental
points, the height Q,'„and temperature T,„of the ab-
sorption maximum can be determined with relatively
high accuracy. We deduce from our data
Q,'„=5.5X10 and T,„=130K. Within the accura-
cy of the measurements, our results are in agreement with
those reported in Ref. 12.
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The application of pressure leads to strong and in-
teresting changes of the acoustic properties. The absorp-
tion rises in the whole temperature range accessible to
our experiment. As shown in Fig. 2 we have measured
the pressure dependence of the absorption at room tem-
perature in more detail. At small pressures the internal
friction rises approximately quadratically and starts to
saturate above 1.5 GPa. A similar behavior has been re-
ported for ultasonic frequencies. ' In this technique
changes of the acoustic impedance of the sample and
pressure medium have, however, considerable inhuence
on the apparent attenuation. In Fig. 3 the internal fric-
tion is plotted as a function of temperature at different
pressures. It rises strongly with pressure at the high-
temperature side of the absorption peak. At the same
time the position of the maximum shifts toward higher
temperatures. In fact, no peak is observed anymore up to
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ACy. 2. Internal friction of vitreous silica at room tempera-
ture as a function of pressure. The solid line represents the
theoretical fit desribed in the text.

FIG. 1. Internal friction of vitreous silica as a function of
temperature measured at 36 GHz by Brillouin scattering. The
solid line is our fit to this set of data.
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lowest temperatures the absorption rises steeply. At
higher temperatures the curve bends over and becomes
temperature independent. Therefore, the absorption is
very often said to exhibit a "plateau. " With increasing
frequency the onset of the plateau shifts to higher tem-
peratures. At 20 MHz it is degenerated to a tiny max-
imum followed by a shallow minimum. ' The compar-
ison of data, reported in the literature and obtained at
different frequencies, leads to the important conclusion
that the magnitude of Q

' in the plateau range is slightly
frequency dependent. It seems that an increase by a fac-
tor of 2 is observed when going from 3 kHz to 50
MHz. ' ' As we will see, this experimental feature can
neither be explained by the standard tunneling model nor
by the extension presented in this paper.

Above 4 K a strong rise of the absorption is found. We
believe that this is the signature of the onset of thermally
activated processes. At still higher temperatures an ab-
sorption maximum is observed at a temperature T,„
which depends on frequency.

where A, is the tunneling parameter, for which we may
write

&2mV .
d
2' (4)

The total level splitting of the ground state is given by

E —
( g2+ g2 )

1/2

Because of the random structure, the parameters of the
tunneling systems will exhibit a distribution. In the tun-
neling model it is assumed that 6 and k are independent
of each other and uniformly distributed:

P(A, A)db, dA, =Pdb, dA, .

The coupling of the tunneling systems to a strain field e
is generally described by a deformation potential y. In
first approximation we write

IV. THEORETICAL CONSIDERATIONS
AND ANALYTIC APPROXIMATIONS

We start with the description of the standard tunneling
model ' and introduce afterward some new features
which allow us to explain the acoustic properties of vitre-
ous silica at high temperatures. As mentioned above, the
tunneling model is based on the assumption that for a
small fraction of atoms or groups of atoms two sites are
accessible, separated by an energy barrier of height V.
This situation is visualized in Fig. 7. The abscissa de-
scribes the position of the "particle" with the mass m or,
more generally, reflects its configurational coordinate d.
We assumed the two wells to be one dimensional, har-
monic, and identical for all systems for simplicity. Start-
ing from the single well, each particle has vibrational
states separated by the energy splitting 2Eo, where Eo
represents the zero-point energy. The difference in the
depth of the wells is referred to as the asymmetry energy
h. If tunneling occurs, the common ground state will not
only be split as a result of 6, but will also experience a
tunnel splitting ho. Using the WKB method, this quanti-
ty is found to be approximately

The tensorial nature of the coupling parameter has been
neglected for simplicity. Furthermore, it is presumed
that the value of y is not correlated to other parameters
and can be approximated by a constant. Of course, strain
fields also cause a variation of ho, but it is generally as-
sumed that the corresponding deformation potential is
negligibly small compared to that defined above. ' Our
measurements at high pressure support this assumption.
This question will be discussed once again at the end of
this paper.

The strain field of a sound wave causes a modulation of
6 and hence an oscillation of the level splitting E. If the
temperature is kept constant, the population of the two
levels must follow the perturbation, resulting in a relaxa-
tion process and leading to an internal friction

'2
2

Q '=, f f dEdrP(E, r)
pv o o E k~T

Xsech
E

(g)
2k+ T l +ro

2Eo
e (3) where p is the density and ~ the relaxation time of the de-

fect states. P(E, r) stands for the distribution of level

splittings and relaxation times. It also reflects the distri-
bution of the parameters of the defect states. The corre-
sponding expression for the variation of the sound veloci-

ty reads

E

oo ao

dE d~P E,z
2pv o o E k~T

FIG. 7. Double-well potential with barrier height V, asym-
metry energy 5, and distance d in configurational space. Eo is
the ground-state energy of the tunneling particle.

X sech
E 1

2k' T i+~2'

The relaxation time ~ depends on the mechanism of re-
laxation. In most cases the relation between the asym-
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metry energy 4 and ~ is known, so that 6 can be ex-
pressed by E and ~.

At very low temperatures relaxation takes place with
the rate

—F/k~?'=2v cosh
2k. T

'

= AhpE coth
—1 2

2kB T
(10)

S/k~ —V/k~ T=2vp cosh e e
2 B T

via the one-phonon or direct process. Here A is a con-
stant rejecting the coupling between the phonon bath
and tunneling systems. The dominance of this relaxa-
tion mechanism has been well established in many experi-
ments carried out with glasses. At higher temperatures,
i.e., above a few kelvin, multiphonon processes become
increasingly important. In this case the rate is still pro-
portional to hp, but the temperature dependence becomes
much more pronounced. In a rather simplified way these
processes can be taken into account by introducing a
two-phonon process which is often referred to as a "Ra-
man process. " Because we are not interested in the
transition from the direct to the activated relaxation, this
process will not be considered further.

Since our experiments have been carried out at higher
temperatures, we only have a glimpse at the predictions
of the tunneling model with respect to the low-
temperature properties. We start with Eq. (8) and put in
the distribution function for the parameters of the tunnel-
ing systems and the expression for the relaxation time. In
the limiting case of very low temperatures, one finds

Q
' ~ T /co, in agreement with experiments. At higher

temperatures the absorption is expected to level off, as
seen in Fig. 6, and the simple relationship

is found from Eq. (8}. In this plateau region the internal
friction is expected to be frequency and temperature in-
dependent and to be only determined by the constant
C =I'y /pU . In fact, the same relation should hold as
well if Raman processes dominate or, more generally, if
the relevant relaxation rate is proportional to hp. From
the measurements' mentioned above, the numerical
value C =2.8X10 has been deduced from the plateau.
We will use this value in our further discussion and do
not consider this quantity as a fitting parameter.

The variation of the sound velocity at very low temper-
atures is determined by two processes, the relaxation and
resonant processes. The resonant process causes a loga-
rithmic increase of the sound velocity with tempera-
ture. Without going into detail we want to mention
that measurements of this effect also give a direct mea-
sure of the constant C. The values found in such rnea-
surements are consistent with that mentioned above.

At higher temperatures, roughly speaking above 5 K.,
the potential barrier can be surmounted by thermally ac-
tivated processes. For a given defect state, the rate ~, '

of this process increases exponentially with temperature.
If the depth of the two wells differs by the amount 6, one
obtains

=~ 'c
—V/k~ T—vp cosh

B
(12}

where vp is the vibrational frequency of the particle in a
single well, i.e., Eo =&vo/2. %'e have used the free ener-

gy F = V —TS (Ref. 25) instead of the standard expres-
sion for the Arrhenius-type relaxation, where only the
barrier height V is taken into account. In the case of
two-state systems, we expect that S/ks =ln2, and hence

7p 4'vp but we will see in Sec. V that ~p
' =Svp could

be more appropriate to describe our results.
The integration of Eqs. (8) and (9) can only be carried

out numerically. In order to gain some insight into the
frequency and temperature variation of the elastic prop-
erties and into the numerical values of the important pa-
rameters, we will make some simplifying approximations,
so that the integration can be done analytically. We com-
pare the expressions obtained in this way with experimen-
tal resu1ts reported in the literature.

In the relaxation phenomena the main contribution
stems from asymmetric systems since the factor (5/E)
appears in the relevant equations. Therefore, we may re-
place in our estimates 5 by E without making a large er-
ror. Furthermore, only system with an energy splitting
comparable to kB T are important, so that E can be sub-
stituted by kBT. Under these assumptions analytic ex-
pressions can be obtained since the double integrals (8)
and (9) can be split up into the product of two simple in-

tegrals. For the relaxation rate in the case of thermally
activated relaxation, we may use the simplified relation

—( v/k~ T)
~, '=vp 'e (13)

As shown in Fig. 6, a strong rise of the absorption is
found above 5 K, which we attribute to the thermally ac-
tivated process. If this process dominates, the relaxation
rate is mainly determined by the activation energy. In
order to calculate the internal friction and velocity
change, the distribution function P (E,r } has to be
known, which can be deduced from P(h, V). Although
different distribution functions have been proposed in the
literature, we see no obvious reason why the uniformity
of the distribution of b should be restricted to small
values. Since the amorphous structure is frozen in at the
glass transition temperature T, we expect that a more or
less flat distribution of the asymmetry energy extends up
to kB T~. As far as the barrier height of the defect states
is concerned, we presume a strict correlation with their
tunneling parameter. If the double-well potentials consist
of two well-defined harmonic potentials, the barrier
height will be proportional to the square of the separation
d, i.e, V~ d . Assuming the mass of the tunneling parti-
cles to be constant, we immediately find from Eq. (4) the
relation
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V

0
(14)

This is a very coarse simplification and can only be con-
sidered as a first approximation. Furthermore, this rela-
tion is only valid for large tunneling parameters and has
to be slightly modified for the general case [see Eq. (20)].
Thus we may assume in our further discussion that
P(b, V)=P/Eo is also uniform. Putting b, =E=k&T, as
discussed above, we can calculate the acoustic loss and
find a linear increase with temperature:

mCk~ T

Eo
(15)

We have applied this relation to various experimental
data' ' ' in order to estimate the constant Ckz/Eo
and found values in the range of (1.5 —2. 8) X10 K
It is not surprising that a large scatter of the data exists,
since they are an outcome of experiments carried out
with different samples and have been obtained by
different techniques. Using the value C =2. 8 X 10
from low-temperature experiments mentioned above, we
may estimate the value of Eo ~ The surprisingly small
value Eo /k' = 15K is extracted.

The zero-point energy can also be estimated in a totally
different way. It can be found from the temperature T',
which reflects the transition from the plateau to the
linear rise of the absorption. In low-frequency measure-
ments, i.e., around 10 kHz, the transition is observed at
about T*=5 K. At higher frequencies the transition,
though less pronounced, occurs at roughly the same tem-
perature. From Eqs. (11) and (15) we deduce
Eo ——2k~ T*, yielding the extremely low value of
E„/k~ =10 K. This means that the relaxing systems are
either rather heavy or exhibit extremely small force con-
stants.

In a similar manner the qualitative behavior of the ve-
locity can be derived. For moderately low temperatures,
i.e., around 1 K, we find that the tunneling-induced relax-
ation processes cause a logarithmic decrease of the veloci-
ty. The slope of the decrease depends on the kind of re-
laxation process. Therefore, the slope changes as soon as
the transition from direct to multiphonon processes
occurs. ' Independent of the relaxation mechanism,
the frequency variation at fixed temperatures is expected
to be logarithmic. We will not look into the matter since
we are mainly interested in the behavior of vitreous silica
at higher temperatures where the velocity changes are
caused by thermally activated processes. If the same ap-
proximations are applied to the internal friction, one can
solve the equation for the velocity change analytically in
the limiting case co7p « 1 and obtain

~max

1n(a&ro)
(17)

Using the value ~o=10 ' s estimated from the change of
the velocity of sound and the maxima in the internal fric-
tion shown in Figs. 1 and 6, we get V,„/ks —-500 K.
Bearing in mind that the maximum is caused by the
cutoff in the distribution function, we expect from Eq.
(15) that Q,'„~T,„. In Fig. 9 we have compiled the
available datalz'i4, &v —zo, z7 —33,35—3s and obtained such a
correlation over a frequency variation of eight orders of
magnitude. Combining Eqs. (15) and (17), we find

Qm, „a- —I/1n(coro), again in agreement with the experi-
mental observation.

Before presenting our numerical calculations, we
briefly consider the relevant barrier heights at a given

5

4
I

10 10

ly proportional to the logarithm of the applied frequency.
The compiled data of different authors' ' ' ' ' are
shown in Fig. 8 and are rather well described by Eq. (16).
From these data we extract Ck~/Eo=2X10 K ' and
1p —10 ' s.

Above 60 K the velocity increases again. This cannot
be explained by the defect model. It seems to be a speci-
alty of glasses with an "open" structure similar to that of
vitreous silica. Several explanations have been brought
forward, but we do not enter in this discussion because it
is beyond the scope of this paper.

According to Eq. (15) we expect the internal friction to
rise linearly with temperature. In order to obtain a max-
imum in the absorption, an upper limit V,„ofthe distri-
bution function for the barrier heights must exist. To es-
timate this cutoff in P(b„V), we use the fact that the
main contribution to the absorption comes from systems
fulfilling the condition cor=1. With Eq. (13) we expect
the maximum to occur at the temperature T,„given by

Ck~ T
ln(coro) .

U +o
(16)

FREQUENCY (s )

As already shown by several authors and in agreement
with our data in Fig. 5, the velocity of sound varies, in
fact, approximately linearly with temperature between 5
and 25 K. From the data available in the literature, it
can be additionally extracted that this variation is rough-

FIG. 8. Slope 8 lnv/8T of the linear temperature variation of
the velocity of sound (measured between 5 and 15 K) vs fre-
quency. Roughly speaking a logarithmic variation with fre-
quency is observed and indicated by a dashed line. The data
points are taken from Refs. 12, 16, 18, 28, and 32—35. Our fit is
shown by the solid line.
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Applying the WKB method to the calculation of the
tunnel splitting, we find, for two one-dimensional, har-
monic potentials,

4.E

C3 X exp
V2

Eo
(2O)

I I l

50
~max

100
(K)

150

FIG. 9. Internal friction Q,„ofvitreous silica at the max-
imum as a function of the temperature T,„at which the max-
imum is observed. The data are taken from different authors
and experiments at frequencies between 400 Hz and 36 GHz
(Refs. 12, 14, 17-20, 27 —31, and 35—38). The solid line
represents our 6tting curve described in the text.

temperature. In other words, we ask the question, which
part of the distribution function P(b„V) can be investi-
gated in acoustic measurements? For this purpose we
consider those systems that fulfill the condition cow. =1
and have an energy splitting of E =k&T. For the direct
process we deduce

4Ak~EO
inc@ = lnT — +ln

zEo

and for the thermally activated one

V
ln~ = — —ln~

(18)

(19)

The important point is that at a fixed frequency the bar-
rier height V of the dominant defect states is related only
to the logarithm of the temperature in the case where re-
laxation occurs via the direct and, without proof, for the
Raman process. Therefore, experiments at low tempera-
tures are only sensitive to a narrow range of the distribu-
tion function with smal1 values of V. However, a linear
relationship between temperature and barrier height is
found for the thermally activated regime. Therefore,
measurements in this temperature range seems to be a
suitable tool to scan the distribution function in its full
extent.

V. NUMERICAL RESULTS

We will discuss the result of our numerical calculations
in two steps. The first step is to consider the behavior of
vitreous silica under zero pressure. Instead of the analyt-
ical approximations made in Sec. IV, we given the full re-
sults of our numerical fits. The second step will be to dis-
cuss the influence of pressure onto the acoustic proper-
ties.

We have used this expression in our numerical calcula-
tions, although Eq. (3) would have led to nearly the same
results. Furthermore, we assume that the various relaxa-
tion processes are independent of each other. This allows
us to add the relaxation rates given by Eqs. (10) and (12).

To carry out the numerical integration of Eqs. (8) and
(9), we have to choose a suitable distribution function for
the asymmetry energy 6 and barrier height V. As men-
tioned in Sec. IV, we use a constant distribution for the
asymmetry energy. As far as the distribution function of
V is concerned, an upper limit has to exist. As a reason-
able guess, we assume a Gaussian-like distribution with
a width oo.

P(A, V)= exp( —V /2eo) .
P

0
(21)

This Gaussian-like distribution is not normalized. It is
approximately constant in the range of small barrier
heights and thus leads back to Eq. (6), where the original

assumption of the tunneling model is formulated. Only a
weak variation is allowed for the explanation of the ab-
sorption in the plateau region and the linear temperature
variation of the velocity at temperatures around 10 K.
At higher barrier heights, however, the distribution has
to decrease suSciently fast to cause the required rapid
reduction of the absorption above the maximum tempera-
ture. Carrying out the numerical fits under these as-
sumptions leads, in fact, to good agreement with the ex-
perimental data in the temperature range above 10 K,
i.e., in the temperature range where thermally activated
processes predominate. It should be pointed out that
similar fits have been carried out by severa1 authors
using a distribution function which decays exponentially
with the barrier height. According to our calculations,
the agreement with the experiment is less satisfactory
with respect to the description of the velocity changes.

Furthermore, we want to make a few remarks on the
description of the low-temperature acoustic properties.
The numerical calculation of the absorption at frequen-
cies up to about 100 MHz yield a shallow minimum just
before the activated process takes over. This shallow
minimum has in fact been observed experimentally in
many experiments. ' ' The reason for this behavior
lies in the fact the number of systems contributing to the
relaxation process divers in the tunneling and therma11y
activated regimes. The real problem in fitting the acous-
tic properties at low temperatures by the tunneling or de-
fect model lies in the observation that in the MHz
range' ' the absorption at liquid-helium temperature is
considerably higher than expected from the tunneling or
defect model. Within the framework of the model
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presented here, only a very weak frequency dependence
should exist. In the tunneling regime a dependence such
as this can only occur if the distribution function P (b„V)
exhibits a strong increase of the number of systems with
very small barrier heights. The explanation of this effect
is, however, still open.

We have carried out numerical fits for different fre-
quencies, temperatures, and pressures. Before we com-
pare them with experimental data, we want to state that
five parameters enter the relevant equations. However,
already two of them, namely, C and A, are determined by
low-temperature measurements. Therefore, we use the
values C =2 8X10 and k~ A =1X10 K s
without further discussion. Thus only the three free pa-
rameters, namely, the zero-point energy Eo, the width of
the distribution function oo, and the entropy S, are left
and are extracted from our fitting procedure.

Let us start the discussion with the fit of the tempera-
ture variation of the sound velocity in the temperature
range between 5 and 25 K. If the distribution function
P(h, V) were constant, the temperature variation of the
velocity would be strictly linear as indicated by Eq. (16).
Because of the decrease of the number of systems with
higher energy barriers, the velocity change levels off at
higher temperatures. In the experiment, however, not
only a leveling off, but also a minimum is observed. As
pointed out, our model does not account for the increase
of the velocity at higher temperatures. Considering the
decrease, we find, in fact, a linear variation with tempera-
ture, and excellent agreement is obtained with respect to
the frequency variation of the slope 8 lnu/BT as shown in
Fig. 8 by the solid line. In the fitting procedure the value
Ec/k~ =12 K for the zero-point energy has been used.
The position of the fitting curve shown in Fig. 8 is only
moderately sensitive to the exact value of ~0. Because of
the scatter of the experimental points, the value of wo can
only be determined with a limited accuracy. Consistent
with the fit of the internal friction discussed below, we
have chosen 7p=5X10 ' s, implying that the entropy S
has to be different from the one expected for a two-state
system. This value is also not far from our estimates in
Sec. IV made under several restrictions. A closer inspec-
tion of the fitting curve shows that the frequency varia-
tion is not strictly logarithmic. The reason for this is
twofold. At low frequencies the deviation from the con-
stant distribution P(A, V) becomes noticeable; at high
frequencies the assumption co~o&&1 is no longer valid.
The curve shown in Fig. 8 demonstrates that we are able
to predict the temperature variation of the sound velocity
correctly at temperatures between 10 and 25 K in a fre-
quency range which covers nearly eight orders of magni-
tude.

After having fixed the parameter Eo by the velocity
change, only oo and S are free parameters for the fit of
the internal friction. At first glance it seems to be rela-
tively simply to obtain the correct position T,„of the
absorption maximum because T,„can be adjusted by
the cutofF of the distribution function P (b„V), i.e., by the
width cro of the Gaussian distribution. The difficulty lies,
however, in the wide frequency range where such mea-
surements have been carried out and which we want to

describe. According to Eq. (17), the position of the max-
imum is also influenced by the value of v.o. Our calcula-
tions agree quite well with our experimental results and
with low-frequency measurements reported in the litera-
ture when o.o/k~=445 K and S/kz=ln4. The latter
value is surprising since we had expected to find the value
ln2 for the entropy because we were considering two-state
defects. We will comment on the particular aspect at the
end of this section. The relation between the height Q
and position T,„of the absorption peak is plotted in
Fig. 9. The deviation from strict linearity is caused by
the nonuniformity of P(b, V).

In addition, we are now able to describe the tempera-
ture variation of the absorption. In Figs. 1 and 6 exam-
ples are shown for 11.4 kHz and 36 GHz. We want to
point out that no new parameter has been introduced to
fit the magnitude of the internal friction. Minor
discrepancies are not surprising if we take into account
that our model is extremely simple. We shall discuss
some possible improvements at the end of this section.

How can we explain the experimental features ob-
served under pressure within the framework of our mod-
el? The strong pressure dependence of the absorption in-
dicates that pressure has considerable influence on the
distribution of the barrier heights. In a first approxima-
tion we assume that P and Eo remain constant under
pressure and only the width of the distribution function
P(h, V) is changed. In this case the low-temperature
acoustic properties are expected to be hardly affected by
pressure, which is also in agreement with former experi-
ments by ultrasonic techniques. ' We introduce a quad-
ratic relation between width cr and pressure p for reasons
we will discuss below and write

cr(p) =oc+ap (22)

where a is a constant. First of all, this relation for the
width allows us to describe the rise of the internal friction
and its leveling off at higher pressures at room tempera-
ture. In Fig. 2 the numerical fit with the value
a/kz =240 K(GPa) is shown together with the experi-
mental data. At small pressures the absorption rises be-
cause more and more systems are generated which are
able to contribute to the absorption. As soon as the
width of the distribution function becomes so wide that
the barrier height of those systems, giving the dominant
contribution to the internal friction or the velocity
change, is smaller than o, the absorption increases less
rapidly with pressure. In other words, as long as the ab-
sorption is measured at the high-temperature side of the
peak, a strong pressure increase is observed. If the mea-
surement is carried out at the low-temperature side, the
pressure dependence will level off.

The pressure dependence of the width of P(h, V) intro-
d'uced by Eq. (22) also leads to the correct prediction of
the temperature variation of the internal friction at
different pressures. The proposed broadening of the dis-
tribution under pressure causes only a moderate increase
of the absorption at low temperatures. It leads, however,
to a shift of the peak to higher temperatures and to a
drastic increase of the absorption at room temperature.
In Fig. 3 the calculated behavior of the absorption is
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shown together with the experimental results. The agree-
ment is satisfactory, taking the large scatter of the experi-
mental data in high-pressure measurement into account.

At first glance, absorption and velocity under pressure
seem to behave completely different. Whereas the ab-
sorption is strongly influenced by pressure, hardly any
change is seen in the linear decrease of the velocity at low
temperature. But this different behavior is only found at
low temperature where the absorption depends quite
weakly on pressure as well. This can be understood if the
height of the distribution function P and deformation po-
tential are more or less constant. "' Thus the only varia-
tion to be regarded in the coupling factor C =Py Ipv is
the decrease of the velocity shown in Fig. 4. An open
question is the reason for the shift of the velocity
minimum. It is partially caused by the increase of o. with
pressure, but in addition the slope of the high-
temperature rise is reduced. Obviously, the mechanism
causing the velocity rise at higher temperatures is also
strongly influenced by the application of pressure.

In summary, the assumptions of a Gaussian-like distri-
bution of the barrier heights and of an increase of its
width with pressure lead to a good description of the ex-
perimental situation. This means that the application of
pressure increases the activation energy of the double-
well potentials and at the same time generates new sys-
tems. How can this be understood on a microscopic
basis?

VI. MICROSCOPIC IMPLICATIONS

Vitreous silica is built from Si04 tetrahedra with a sil-

icon atom at their center. The tetrahedra are sharing the
oxygen atom at each corner with another tetrahedron.
The linkage at the corner is rather weak and represents
the softest spring of the system. It has been proposed
that the low-lying excitations in vitreous Si02 originate
from the coupled rotation of these tetrahedra. This
idea has recently been supported by measurements of in-
elastic neutron scattering. In a regular array of Si04
tetrahedra, such a rotational motion is harmonic in a first
approximation and extends over the whole solid. It is as-
sumed that in vitreous silica this vibration is spatially lo-
calized, although some neighboring tetrahedra are in-
volved in this motion. In addition, one can imagine
that because of the irregularity of the environment of a
vibrating tetrahedron, this unit can have two positions of
equilibrium, leading back to the picture of double-well
potentials. The entropy S/kz=ln4 extracted from our
fitting procedure indicates that the moving particles, i.e.,
very likely the rotating Si04 tetrahedra, have in average
four stable positions of equilibrium. This result does not
seem to be unreasonable since a rotation around different
axes is possible. At very low temperature, however, the
approach of double-well potentials is appropriate since
tunneling will occur only between the lowest states.

But this is not the only possible explanation for the
high value of the entropy deduced in our fit. Another,
even more likely explanation could be the following. In
general, the potential will not be strictly harmonic until
the intersection of the two curves results in a sharp peak,

but will exhibit a round maximum. In this case Eq. (14)
does not hold anymore. If we replace Eq. (14), for exam-

ple, by A, =2V/Eo, put S/k&=ln2, and carry out the
fitting procedures once again, we end up with practically
the same results. Thus we cannot distinguish between
these two possible interpretations without knowing more
about the microscopic nature of the defect states. It has
already been stressed in the literature ' that a particular
relation for the tunnel splitting cannot be justified unless
the microscopic symmetry of the potential is known.

The application of pressure does not change the shape
of the Si04 tetrahedra because they are rather rigid units.
According to NMR investigation, pressure causes a slight
reduction of the average bond angle at the oxygen
atom. ' Although a quantitative description of the
pressure dependence of the width of P(A, V) based on a
microscopic model seems to be rather difficult, it could be
a key to a more profound understanding of the micro-
scopic nature of the defect states. Qualitatively, the fol-
lowing arguments might hold. With decreasing bond an-

gle the rotational motion becomes increasingly hindered
and the positions of equilibrium are more and more pro-
nounced, resulting in an increase of the average barrier
heights. Because of the ordinary compressibility of
glasses, the distance between adjacent silicon atoms will
be reduced proportional to the applied pressure. Since
the bond length of covalent bonds is practically constant,
the angle of rotation necessary for Si04 to go from one
potential well to the other should increase proportional
to pressure. Furthermore, the barrier height depends
quadratically on the configurational coordinate. Conse-
quently, it seems to be quite natural that the barrier
height increases proportional to p . At the same time
tetrahedra, having only one well-defined site at zero pres-
sure, are now driven into positions which exhibit more
potential minima. In this way new defect states are
formed which have small barriers and the distribution
function becomes generally wider. However, we are not
able to explain why P should be almost independent of
pressure. Of course, even under high pressure, it will

only be a small fraction of the existing Si04 tetrahedra
which act as defect states.

Finally, we want to mention that the quadratic pres-
sure dependence of the barrier height has also conse-
quences for the deformation potential. In Eq. (7) we have
neglected the contribution of Bho/Be to the deformation
potential y. Using the Eqs. (3), (14), and (22), it can be
easi1y shown that this contribution is expected to be pro-
portional to p and the change of Ao, caused by a weak
strain field, can therefore be neglected. In other words,
the shape and size of the double-we11 states is only slight-
ly changed if the pressure applied is small. In contrast, 6
is caused by the asymmetry of the environment. Conse-
quently, Bh/Be is pressure independent in first approxi-
mation.

Clearly, some important improvements of our simple
model should be made. First of all, the expression for the
relaxation we used in the whole temperature range can
only be correct under certain circumstances. It is obvi-
ous that Eq. (12) used for thermally activated processes is
not valid in the simple form if kz T )2EO. Such inaccu-
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racies should have a minor inhuence on our numerical re-
sults because they are covered by the integrations over
tmo distribution functions. However, the distribution
function P(,h, V) extracted from our fitting procedure
might only be qualitatively correct for the same reason.
In addition, me cannot exclude that it is temperature
dependent itself. Discrepancies between experimental
data and theoretical description become especially notice-
able between 5 and 10 K at lorn frequencies. In this tern-
perature range the transition from one- to multiphonon
relaxation takes place and our simple treatment is not ap-
propriate. Better agreement can also be obtained if we al-
low for a distribution of the zero-point energy Eo. Such
a distribution seems to be a natural consequence of the
random structure. In order to minimize the number of
free parameters we did not pursue this idea. Further-
more, the calculated absorption drops off too rapidly at
the high-temperature side of the absorption peak. Ap-
parently, the tail of the distribution of I'(b„V) should be
Hatter than given by a Gaussian. Again, we did not con-
sider this aspect in more detail.

Finally, we want to point out that the defect model
developed in our theoretical description is too simple to
be able to account quantitatively for all observations.
The "soft-configuration model" could probably give a
more adequate description. ' Unfortunately, it has not
been worked out sufBciently to be applicable to the fitting
of our experimental observation.

VII. SUMMARY

We have investigated the acoustic properties of vitre-
ous silica by Brillouin-scattering experiments in the tem-

perature range from 50 to 300 K. Under high pressure
strong changes in the elastic behavior are observed which
can be understood by the defect model developed in this
paper. Starting from the tunneling model, which is gen-
erally used to describe the low-temperature properties of
amorphous solids, we have extended its range of validity
to higher temperatures. We assume that the defect states
in glasses gradually transform from tunneling systems to
classical defect states. Whereas relaxation via tunneling
processes dominate below 5 K, thermally activated pro-
cesses take over above that temperature. Our experimen-
tal results, as well as the acoustic measurements reported
in the literature, can be quantitatively explained by the
assumption that defect states have an extremely low
zero-point energy and by a distribution function of their
barrier height following approximately a Gaussian. With
increasing pressure this distribution function becomes
wider, indicating that the activation energies are growing
and new defect states are generated. We believe that the
acoustic properties of other glasses as mell can be treated
in a similar way. Thus it seems that our results are a fur-
ther step on the way to understand the unusual dynami-
cal behavior of glasses generally.
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