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exists below which the turbulence does not per-
sist.
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Strong thermal-relaxation effects have been observed in vitreous silica at low tempera-
tures on a time scale of order 103 s, which are attributed to slowl'y relaxing low-energy
excitations intrinsic to the amorphous state. With the use of a simplified version of the
tunneling model, a density of states is derived for these ezcitations, which is compara-
ble in magnitude to the density of the fast-relaxing ezcitations derived from phonon-scat-

teringg

experiments.

PACS numbers: 61.40.Df, 65.90.+i

Glasses below 1 K show anomalous thermal
properties' which point to the existence of low-
energy ezcitations (LEE) specific to the amor-
phous state. The theoretical model most widely
accepted for the explanation of these properties
is the tunneling model of Anderson, Halperin, and
Varma, ' and Phillips. ' This model connects the
LEE with two-level systems which originate from
the tunneling of as yet unknown atoms or molecu-
lar complexes through an energy barrier between
two almost equivalent sites. However, the model
in its standard form has not been able to cover
the fast-growing body of experimental evidence
with one unique set of parameters and thus has
been under discussion. 4 The existence of LEE in
the amorphous state raises the question on what
time scales these LEE will equilibrate with the
phonon bath. According to the standard tunneling
model, the LEE-phonon relaxation times should
be widely distributed and the contribution of the
LEE to the specific heat should depend on the
measurement time. ' The experimental evidence

to this point is at present conflicting: Measure-
ments of heat-pulse propagation in vitreous silica
and polymethyl methacrylate (PMMA) by Goubau
and Tait' on a 100-p,s time scale and in vitreous
silica by Kummer, Dynes, and Narayanamurti'
on a 1-p.s time scale did not show the expected
results, whereas Loponen et al. ' recently ob-
served relaxation effects in specific-heat meas-
urements on vitreous silica using spatially uni-
form heat pulses in small samples. From the
latter results, an upper limit of about 10 ms has
been derived' for the LEE-phonon relaxation
times which is considerably lower than that usual-
ly assumed in the tunneling model. In view of
these discrepancies we have designed an experi-
ment which specifically probes thermal relaxation
effects on large time scales, here 50-6000 s. We
have applied it to Suprasil W, ' a well-character-
ized pure type of silica glass, which has also
been used in the relaxation work of Kummer,
Dynes, and Narayanamurti' and Loponen et al. ,

'
and we shall put forth strong evidence that there
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FIG. 1. Temperature decay O.eft scale) and power
release (right scale) of a 17.9-cm3 sample of Suprasil
W between T = 0.205 K and Tp = 0.200 K as a function
of time. Four typical curves with different T; are
shown. The sample was thermalized at T; and at t
= 0 allowed to relax back to Tp.

is significant thermal relaxation in Suprasil W on
these long time scales.

In our experiment the sample was weakly con-
nected to a bath at constant temperature T, =0.200
K. It was heated up to some initial temperature
T,. between 0.205 and 3.52 K, thermalized at T„
and then (at t= 0) allowed to relax back to T,. The
temperature decay was recorded and could be
converted to the time-dependent heat release of
the sample by means of the known thermal resis-
tance between sample and bath. '

The sample was a cylindrical rod of 1.5 cm di-
ameter and 10.1 cm length. Its temperature was
measured with a thin slice of carbon resistor
(Speer 100 0, —,

'
W) by using an ac bridge at 1035

c/sec with a resolution of +0.05 mK. The ther-
mal link to the bath, here the mixing chamber of
a dilution refrigerator, consisted of a 6-cm
length of 0.008-cm-diam copper wire. Its heat
conduction K=6.1S erg s ' K ' was measured in
a steady-state heat-flow experiment. The bath
temperature was regulated at Tp 0.200 K with a
relative stability of about 2 && 10 '/h. Thermal
link, thermometer, and heater (Pt-W wire) were
thermally anchored to the sample by means of
three silver foils of about 3 cm' each and Apiezon
N grease as described by Lasjaunias et a~." The
sample was completely surrounded by a radiation
shield at mixing-chamber temperature and care-
fully shielded against vibrational and electromag-
netic heating. Additional experiments, including
the use of a second thermometer on the sample,
were done to make sure that the internal time

constant of the sample assembly remained &1 s
in all cases.

Figure 1 shows the temperature decay of the
sample recorded between 0.205 and 0.200 K for
four different temperatures T, The right-hand
scale displays the corresponding heat release Q
from the sample. The resolution in terms of pow-
er is 0.3X 10 ' erg s '. The curve, where the
sample was heated up to only T,. =0.205 K, repre-
sents the usual relaxation-type measurement of
the specific heat on a 10-s time scale. Within the
limits of our resolution the decay is an exponen-
tial with a time constant of 18.1 s independent of
thermalization time. Our result c(T„t= 10 s)
=4.0 erg K ' cm ' is in good agreement with the
published data": The curves originating at higher
temperatures are nonexponential. They are re-
producible within the limits of our resolution,
provided that the sample had been thermalized at
T, for a sufficiently long time (e.g. 10 h for T,
=3.52 K).

The measured energy release Q of Fig. 1 con-
sists of two parts:

Q(T„ t) =Q,(T„t)+Q, (T, , t).

Qc(T, , t) = c(T(t), t =10 s) VdT(t)/dt is the trivi-
al contribution from phonons and all LEE with
relaxation times &10 s, i.e., all excitations which
contribute to the specific heat measured on a 10-s
time scale. (V is the volume of the sample. )
Q,(T, , t) is the extra contribution which we attrib-
ute to LEE with relaxation times &10 s. Since we
are interested in the latter, we calculate the triv-
ial contribution and subtract it from the measured
energy release Q(T, , t) =K[ T(t) —T,] in accord-
ance with Eg. (1). The calculation is done using
our value of c(T„t=10 s) for the limited temper-
ature range 0.205-0.200 K considered and with
dT(t)/dt derived from the decay curves by means
of least-squares approximations by cubic splines.
Q,(T, , t) should vanish for samples without long-
time relaxation effects. This was verified with a
copper sample by using the same apparatus and
addenda. The Q, -vs-t curves resulting from this
procedure are plotted in Fig. 2 alorig logarithmic
scales, and this representation shows that the
long-time heat release of the sample roughly fol-
lows a t ' dependence for all thermalization tem-
peratures T,

To compare our data with the results of other
workers we tentatively apply the standard tunnel-
ing model of Anderson, Halperin, and karma'
and Phillips' to the curves of Fig. 2. The two-
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FIG. 2. Power Q& released from slowly relaxing
(v & 10 s) low-energy exoitations in Suprasil W as a
function of time. Eight curves with different T; are
shown. The typical measurement accuracy is indicated
in one curve only. The broken lines represent t
dependences and are explained in the text.

level systems of this model have an energy split-
ting E =(6'+ +')' ', where 6 is the asymmetry
energy of the two potential wells in the absence of
tunneling and += hcooe ~ is the coupling energy
Amp is a typical zero-point energy in either well
and is assumed constant. A. describes the extent
of wave-function overlap between the lowest states
in either well. The number of two-level systems
per volume is assumed to be uniformly distribut-
ed as a function of 4 and X: P(6, A)dhdX=PdAdA.
Coupling to the phonons leads to relaxation times,
which for a given energy splitting E, vary over
many orders of magnitude from a lower limit T*

for the most strongly coupled systems to some
upper limit v~„ for a maximum barrier height of- 1 eV connected with the activation energy for
diffusion. Within this standard tunneling model,
the time-dependent specific heat for measuring
times 7.*&t&T~„ is given by4

c(T, t) =~m'ks TPln(4t/7'*). (2)

Equation (2) may be used as starting point for the
discussion of our curves, if we make the assump-
tion that the phonon bath immediately cools down
from T,. to T, at t=0 and that the energy, there-
fore, is released at constant bath temperature
Tp For a sample of volume P we then find from
Eq. (2), after differentiation with respect to t and
integration with respect to T,

Q,(T, , t) = ~~s%,'PV(T, '- T,')t-'. .(3)

In the actual experiment the temperature does

change during the decay. However, concerning
the temperature deviation during the tails of the
decay curves (Fig. 1) we found experimentally
that, within the limits of our resolution, the ener-
gy release was the same for either Tp 0 200 K or
Tp 0.205 K. Thus we assume that this tempera-
ture deviation does not influence our results. To
test the influence of the initial fast cooldown to
this temperature regime we did a reverse experi-
ment, heating up the sample very quickly from
T, to near T„and observing the long-time heat
absorption. In spite of the much shortened initial
temperature change no substantial deviations
from the cooling experiments were found for low

T,.&1 K, for which the measuring accuracy was
sufficient for this type of experiment. Thus we
assume that also the initial cooldown period will
have little influence on our results at least for
T, &1 K. Following these considerations, we
compare our results with Eq. (3), which predicts
the time dependence observed in Fig. 2, and fit a
family of curves to our data by a suitable choice
of the single free parameter P. With P = 3.3 & 10"
erg ' cm ' the broken lines in Fig. 2 are obtained,
which describe the experimental results quite
well even at higher T, Black' found P = 2.1 & 10"
erg ' cm ' by application of the tunneling model
to the phonon-scattering experiments of Golding
and Graebner. " The latter experiments probe
fast-relaxing excitations, i.e., quite another
range of relaxation times, and the similarity of
both values is remarkable. In view of the simpli-

. fications made in our discussion of the experi-
ment, and in view of the limitations of the stan-
dard tunneling model to describe unambiguously
the peculiarities of the amorphous state, 4 we shall
not at the present pursue this point further.

Independent of any model, our measurements
show that there exists a considerable density of
LEE in Suprasil W with relaxation times between
50& v. &6000 s. This is in contradiction to the re-
cent results of Loponen et al. , ' who find an upper
limit of relaxation time of order 10 ms in Supras-
il W.

We have also studied a sample' of Suprasil I
with an OH content of about 1200 ppm and found
essentially the same energy relaxation as in Su-
prasi1 W. For thermalization temperatures T,.
&1 K, the energy release of Suprasil I was slight-
ly increased; for T,.&1 K, it was slightly de-
creased compared with Suprasil W. This is in
keeping with the 10-s specific heats which behave
similarly at these temperatures. " It seems that
QH-associated and intrinsic excitations, which
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show different relaxation times in echo experi-
merits, "i.e., at short times, cannot be separated
on long time scales.

In addition to the results reported here, each
cooldown of our samples from room temperature
to low temperatures was accompanied by large
thermal relaxation effects. " Because of the ill-
defined cooling procedure, however, no quantita-
tive results are presented.

In summary, we have observed substantial and
reproducible thermal relaxation at low tempera-
tures on a time scale of 10' s in vitreous silica.
We attribute these effects to a slow relaxation of
low-energy excitations in the amorphous state.
The method presented seems to be well suited for
such investigations. On the basis of the standard
tunneling model we have tentatively derived a den-
sity of states for these excitations, which is com-
parable in magnitude to that of the more strongly
coupled, faster-relaxing excitations, which con-
tribute to phonon scattering. We have found no
upper limit for the relaxation times in contrast to
recent experiments on the time dependence of the
specific heat.
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Dislocation Motion in hcp 4He
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Low-frequency measurements of the shear modulus and internal friction of pure and
3He-doped crystals of hcp 4He are reported. Previously unobserved features are seen
in both quantities. With use of the parameters obtained from our measurements, it is
shown for the first time that all the existing dissipation measurements spanning five
decades in frequency are consistent with each other and the Granato-Lucke model of
overdamped dis location motion.

PACS numbers: 67.80.Mg, 61.70.Le

Dislocation dynamics can be studied by meas-
uring the shear modulus and the internal friction
of crystals at different frequencies, impurity lev-
els, and temperatures. Solid 4He is nearly an
ideal crystal for dislocation studies because of
the fact that 'He is the only impurity and can be
purified down to 10 ' level. Ultrasonic attenuation
measurements in hcp 4He have shown that only
basal-plane (& c axis) dislocations contribute to

the shear modulus by gliding in the basal plane
itself. ' Recent attenuation measurements as a
function of amplitude have demonstrated the pin-
ning of dislocations to 'He impurities at lower
temperatures' but the effect is absent above 1.5
K.' The ultrasound velocity measurements show
a dislocation contribution4 which is difficult to
analyze and whose interpretation is still contro-
versial. ' ' Dissipation measurements in the kilo-
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