
VOLUME 46, NUMBER 4 PHYSI| AL REVIEW LETTERS 26 JANUARY 1981

Experimental Evidence on Time-Dependent Speci6c Heat in Vitreous Silica

M. Meissner and K. Spitzmann
Institut fur PestkorperphysQ, Techniscke Universitat Berlin, D 1000-Berlin lZ, federal Republic of Germany

(Received 4 August 1980)

Measurements have been made of the heat capacity of thin plates of vitreous silica be-
tween 0.35 and 1.6 K. In an adiabatic sample arrangement the time-resolved specific
heat was measured over a time scale from 2 p, sec to 0.5 msec. The observed time de-
pendence of the heat capacity is in quite good agreement with the tunneling model, which
predicts a logarithmic increase in time. In addition, a much stronger time dependence
was observed above 1 K, which was interpreted as a decoupling of excess modes from
the Debye phonons.

PACS numbers: 65.40.Em, 61.40.Df

At very low temperatures, 25 mK(T 2 K,
the temperature dependence of the specific heat
of amorphous SiO, is of the form"

C& = C& + C& + Cexcess

1+n 3 3=a,T + +a3T +aexcess T + ~ ~ ~

where the first term (n =0.3-0.5) arose from low-
energy excitations intrinsic to the amorphous
state and the cubic T term C „„is observed. It
has been suggested' that the roughly linear T
term is a result of two-level tunneling states.
One of the consequences of the tunneling model is
that the specific heat should be a function of the
time scale of the experiment. Because of the
wide range of tunneling probabilities in two-level
systems, the relaxation time 7 varies widely for
the different states and the two-level systems
may be decoupled from the phonon specific heat
for experimental times t &7. The tunneling model
predicts4 that the linear term of the specific heat
decreases logarithmically with experimental
time t.

In the past a number of heat-pulse experiments
have been performed' ' to observe time-depen-
dent specific heat in silica glasses. All these ex-
periments were arranged for one-dimensional
heat-flow diffusion, and the temperature profiles
were analyzed with the phenomenological heat-dif-
fusion theory. In some of these experiments a
slight increase of the thermal diffusivity e was
observed, which has been interpreted as a time-
dependent specific heat." In similar measure-
ments we have found evidence' that the thermal
conductivity K is time dependent and as a conse-
quence the relation C~ ~K/ct does not hold.

Because of these obvious complications we have
designed a nearly adiabatic sample arrangement
to observe the time-dependent specific heat di-
rectly. For a vitreous silica sample of thickness

d = 50 pm and diffusivity' n = 20 cm'/sec one can
calculate a diffusion time v, = d'/2a. = 1 p sec.
After heating the sample the relaxation to the
temperature bath T, will be determined by heat
diffusion parallel to the surface. By assuming a
surface heater and a point-contact thermometer
with a diffusion distance L =3 mm to the tempera-
ture bath, the thermometer area is nearly adia-
batic up to times TI. = L'/10n = 0.5 msec. Thus,
the time dependence of the sample temperature
under adiabatic conditions can be observed be-
tween 1 and 500 psec.

In a recalculation of the tunneling model, Black'
has calculated the temperature decay &(t) in an
adiabatic heat-pulse experiment (for long but not
infinite time). Black has shown that the density
of states for the two-level systems determined
from ultrasonic measurements are inconsistent
with long-time specific-heat measurements (at t
=t,„), and therefore he artificially introduced
anomalous levels. In order to fit our time-depen-
dent specific-heat data we assumed that the linear
term in Eq. (1) varies logarithmically with time
and, in addition, differences in the specific heat
are explained by C,„„„:

3(t) =—pCo +PC „„+a,T'Q , in(4t/r ;„)

where 7;„=0.5&10 'T ' sec is the shortest re-
laxation time in the dominant phonon approxima-
tion, ' Q/V is the quantity of heat per volume, and

p is the density.
Details of our experimental arrangement are

shown in the inset of Fig. 1. A disk-shaped sam-
ple of Suprasil I with 12 mm diameter and 70 pm
thickness was mounted on a copper block. One
surface of the sample has been evaporated with
a 7.4&& 9.2 mm'-wide gold-film heater of about 50
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FIG. 1. Surface temperatures T(t ) obtained by heat-
ing with different laser pulses of width t& . The straight
lines are calculated from diffusion theory, Eq. (3). The
inset shows the experimental arrangement (see text).

dinary pencil material onto the - 1-pm rough sur-
face of the sample and contacting with gold thin
film evaporated in a meandering pattern. The
carbon thermometer has a resistance of about 1
kO at 0.4 K and shows a temperature character-
istic similar to a Speer resistor. The sensitivity
of the carbon thermometer was calibrated against
a Ge-resistor thermometer. With the acceptance
of a power dissipation in the carbon resistor of
about 10 nW and with use of a 50-0 termination,
a sensitivity of -500 pV/K was available. Thus,
a stationary temperature gradient in the sample
of -3 mK and a minimum temperature resolution
of -0.2 mK were obtained. The temperature reso-
lution was achieved by a boxcar averager, but was
limited by the temperature stability of our 'He
cryostat and the repetition rate (10 sec ') of the

experiment.
In order to test the response time of the carbon

thermometer we applied a laser heat pulse t~ to
the carbon resistor area (Fig. 1). The resulting
surface-temperature profiles are compared with
theoretical curves calculated from diffusion the-
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FIG. 2. Temperature profiles (t) for the 70-p, m sample. The dashed lines represent the temperature rise ex-
pected from long-time data C& (t = j. sec); the solid line in (c) is calculated by Eq. (2). Profile (d) shows the unex-
pected strong nonlogarithmical decay observable around 1 K.
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ory:

where O(t -t~) is the Heaviside function and C~(T,
t) was calculated by iteration according to Eq. (2).
The response time of the carbon thermometer is
shorter than 5 nsec, and the heat transport from
the surface to the bulk is clearly diffusive even
in a nanosecond time scale.

With application of electrical pulses of duration
t~ =50 nsec to 5 psec to the gold thin film, the
resistive heating produces a diffusive heat trans-
port through the sample. The resulting tempera-
ture profiles &(t) are shown in Fig. 2. At shorter
times [Fig. 2(a)], a diffusive increase of the sig-
nal is observed. After the heat diffusion (t ~ 3
tisec), the phonon system of the sample approach-
es equilibrium and a logarithmic decay [Figs.
2(b) and 2(c)] of the temperature is observed,
which is interpreted as due to the coupling of two-
level systems. In Fig. 2(d), an unexpected non-
logarithmical, but nearly exponential, tempera-
ture decay has been measured. This effect was
clearly seen above 1 K, but also down to the low-
est temperature an exponential contribution to the
temperature decay has been observed, which is
superimposed on the logarithmic part. For T ~ 2

K, the overshoot of &(t) is masked by heat-diffu-
sion transport, because of smaller n values, and
in the adiabatic time scale 7~&t &v~, 8(t)= const
was observed.

In a series of experiments we have measured
two samples of thicknesses 70 pm (Tl, = 0.5 msec)
and 48 pm (with slightly reduced geometries rL,
—0.2 msec) in a temperature range 0.388-1.50

K. The results are shown in Fig. 8 in terms C~/
T' vs lnt, in order to compare them with theory.
According to Eq. (2), the specific heat decreases
linearly with lnt, which is shown by the dotted
lines (fitting to the long-time heat capacity of

Suprasil). In addition, the contribution of the two-
level systems only has been shown by neglecting
C~„„in Eq. (2) for temperatures T & 0.715 K.
At these temperatures, our time-dependent spe-
cific-heat data are in good agreement with Eq. (2)
(dashed lines, C „„=0),but only for timest
~ 20 p see. For longer times the data increase
stronger than logarithmically, and for times t
& 200 psec a good fit to Eq. (2) is observed.

Very recently, Loponen et al."reported on the
observation of time-dependent specific heat in a
Suprasil W sample of thickness 210 pm. Over
times ranging from 30 psec to a few milliseconds

they observed a decay of the sample temperature,
which has been qualitative1y interpreted as the
coupling of the tunneling states to the phonon sys-
tem. In Fig. 4, the short-time heat-capacity data
of Loponen et al. are shown together with our data
for two experimental times, and with long-time
heat-capacity data.""Below 0.5 K, both experi-
ments show a reduction of the specific heat which
is of the same order for the corresponding reduc-
tion in time. Around 1 K, the 30-p sec-time-
scale experiment on Suprasil % shows a reduction
to 0.8x C~ (1 sec), whereas in our 8-psec-time-
scale experiment on Suprasil a reduction to 0.3
x C~ (1 sec) appears. As Suprasil (-1200 ppm OH)
and Suprasil W (& 1.5 ppm OH) are different ma-
terials, ' a bump in C~/T' around 1 K is observed
for Suprasil % only, implying a new set of excita-
tions. ' It may be argued that these excitations
behave similarly to those in Suprasil. From our
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FIG. 3. Time-dependent specific-heat data for C& (t )/
vs ln t: curve A, 366 mK; curve B, 396 mK; curve

C, 596 mK; curve D, 715 mK; curve E, 890 mK; curve
5', 1.005 K; curve G, 1.50 K; closed circ1es, 70-pm
sample; closed squares, 48-pm sample; open circles,
long-time data from Hefs. 1 and 8. The dotted lines and
the dashed (t"e««, =0) lines are according to Eq. (2).
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In summary, we have measured the time-de-

pendent specific heat of vitreous silica samples
with thicknesses of 48 and 70 pm in a time range
of 1 psec to 1 msec. From the experimental data
it has been shown that the two-level systems with
constant density of states decouple logarithmical-
ly in time, as supposed by Black.' In addition,
the excess specific heat, seen in long-time ex-
periments, decouples with relaxation times 7„
= 100 psec.

We would like to thank Professor K. Dransfeld,
Dr. S. Hunklinger, and Dr. N. Thomas for discus-
sions and fruitful comments.
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FIG. 4. Long-time and short-time heat capacity for
vitreous silica, plotted C&/T vs T. The open circles
are results from Loponen et al. (Bef. 10), obtained for
a 210-pm (Suprasil W) sample on a -30-psec time
scale. The squares and the triangles are our results
from a 48-pm (Suprasil) sample on two different time
scales.

experiments one may interpret the decoupling of

C~„„by the existence of "anomalous" two-level
systems with higher energy splittings. ' In view
of the observed relaxation times of about 100
p. sec at 1 K, it is understandable that the excess
excitations do not affect the thermal conductivity
because of their weak coupling to the phonon sys-
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