
VOLUME 35, NUMBER 13 PH YSI GAL REVIEW LETTERS 29 SEPTEMBER 1975

Anomalous Dielectric Dispersion in Glasses at Low Temperatures

M. von Schickfus, S. Hunklinger, and I . Piche
Max Pla-noh lns-titut fiir Festhorperforschung and Centre de Recherches sur les Tres Basses Temperatures,

I' -98042 Gxenoble-Cede, Fmnce
(Received 2 June 1975)

We have found a strong temperature dependence in the dielectric constant 'of three dif-
ferent glasses below 5 K, which we ascribe to the low-energy excitations of the amor-
phous state. From our data we can determine the electrical dipole moment associated
with these excitations, which gives rise to resonant absorption of electromagnetic waves.
The corresponding absorption coefficient is expected to saturate at electromagnetic in-
tensities above a few milliwatts per square centimeter.

At very low temperatures, the thermal and
acoustic properties of amorphous materials ex-
hibit unexpected deviations from those of crystal-
line substances. The specific heat for example
is anomalously high and nearly independent of the
chemical composition. ' It has been proposed that
this could be described by assuming the existence
of localized two-level excitations' or, more gen-
erally, of strongly anharmonic oscillators. These
systems interact strongly with resonant phonons,
an effect which leads to the very small thermal
conductivity" and also to an ultrasonic attenua-
tion which can be saturated already at very low
acoustic intensity. 4

Until now most experiments performed to dem-
onstrate the existence of these two-level systems,
and in particular ultrasonics, were related to the
elastic properties of glasses. It appears that
these elastic properties are rather insensitive to
the chemical composition of the amorphous mate-
rial. Therefore this type of experiment can give
but little information on the nature of the two-lev-
el systems. In contrast, it can be expected that
the ionic content of the substance, and thus its
chemical composition, mill have a more pro-
nounced influence on the coupling to an electric
field.

With this in mind we have measured very accu-
rately the temperature dependence of the dielec-
tric constant c by monitoring the shift in the res-
onant frequency (1.1 6Hz) of a microwave cavity
partially filled with the sample. We were able to
detect a change in e of the order of 10 ' in the
temperature range between. 0.28 and 5 K. Our re-
sults for vitreous silica Suprasil W and Suprasil
I' are shown in Fig. 1 where we have plotted the
relative variation of the velocity of light, Ec/c
= —a~/2e = —j e(T) —e(T,)J/2e(T, ), against tem-
perature. Here 7.', =0.3 K has been chosen as a
reference temperature. Suprasil W and Suprasil
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FIG. 1. Relative variation of the velocity of light
Ac/c at 1.1 GHE in vitreous silica plotted versus tem-
perature. Suprasil W contains 1.5 ppm and Suprasil I
1200 ppm of OH ions.

I differ mainly by their "water content": 1.5 ppm
OH ions in the first and 1200 ppm in the latter.
In Fig. 2 we show the resu1. ts obtained for boro-
silicate glass BK7.'

The velocity of light increases on cooling and
reaches a maximum at around 4 K for our fre-
quency of 1.1 GHz; then at lower temperatures it
decreases steadily without reaching a constant
value. This behavior of the velocity of light shows
a striking similarity to that of sound velocity ob-
served recently. ' We have carried out the same
experiment on a quartz crystal and it yielded a
constant value as indicated in Fig. 1. This con-
firms that the unusual temperature behavior of
the dielectric dispersion is to be attributed to the
glassy state. It is worth mentioning that in our
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FIG. 2. Relative variation of the velocity of light
Ac/c at 1.1 GHz in borosilieate glass BK7 plotted ver-
sus temperature. The values for Suprasil 'W from Fig.
1 are included for comparison.

where u, is the constant density of states derived
from specific-heat measurements below 1 K, ' p
is the electrical dipole moment associated with a
transition between the two states, co is the light
velocity in vacuum, and m is the microwave fre-
quency. With use of Eq. (1) and the Kramers-
Kronig relation between absorption and disper-
sion, the temperature dependence of the velocity
of light becomes, in the case where h~ «kBT,

temperature range the coefficient of thermal ex-
pansion implies a relative volume change of less
than 10 ', a value far too small to explain our re-
sults. Consequently the variation of the velocity
of light can be attributed to the presence of two-
level systems and the problem can be treated in
analogy to that of sound velocity. ' At higher tem-
peratures, above 4 K, the contribution of a relax-
ation process within the bvo-level systems pre-
dominates7 and results in the increase of the ve-
locity of light on cooling. Of greater interest
here is the region of lower temperatures, where
the resonant interaction between the microwave
field and the two-level systems becomes domi-
nant and leads to the observed decrease seen in
Figs. I and 2.

For this process the microwave absorption' is
given by

o.„=(4s'/c, A)no p'(u tanh(ka)/2ks T),

The main contribution comes from two-level sys-
tems with an energy splitting E =kBT, which are
the ones responsible for the thermal anomalies
observed at these temperatures. A microwave-
absorption experiment, at the same frequency of
1.1 GHz, would have probed resonant two-level
systems which do not give a significant contribu-
tion to the thermal properties. "

The logarithmic temperature dependence pre-
dicted by Eq. (2) corresponds to what is observed
in Figs. 1 and 2. The quantity nap' is thus a con-
stant, as n,3P is in the case of ultrasonics, '
where I is the mechanical coupling parameter.
This leads to the conclusion that all three param-
eters (n„p, and M) are characteristic constants
of a glass, independent of each other, within the
limits given by the slight curvatures of the data
seen in Figs. 1 and 2 and in the sound-velocity
measurements. ' From the slopes of our experi-
mental results we measure directly the product
nap', and using a value of n, = 7.8 X10"erg ' cm '
for the density of states, ' we find for Suprasil W

n, p'= 60 X1 0' in cgs units and p=0. 29 D, and
for Suprasil I nop'=6. 7X10 ' and p =0.30 D. Go-
ing to borosilicate glass BKV, the slope is much
steeper, as can be seen in Fig. 2. We deduce for
BK7 a value of n, p'= 3.l x10 ' and a dipole mo-
ment p = 0.66 D, assuming n, in this case to be
the same as for vitreous silica. '

This variation of a factor of 4 in nops is very
large compared to the variations observed in the
acoustic and thermal properties. For example,
the elastic dipole moment describing the coupling
of elastic waves to two-level systems shows little
difference between vitreous silica and borosili-
cate glass, '*' indicating that the spatial displace-
ment is also of the same order of magnitude in
the two materials. Obviously the electrical di-
pole moment is much more sensitive to the com-
position of the amorphous material. If the mo-
tion of groups of atoms is the origin of the two-
level systems, the ions taking part in this motion
carry a higher charge in BK7 than in vitreous
silica.

The strong coupling to electrical fields should
result in a contribution of the two-level systems
to the microwave absorption of a glass. This ab-
sorption is expected to be intensity dependent in
analogy to what has been found in the absorption
of ultrasound in Ref. 4. With the values for nap
from our measurements we calculate that the in-
tensity dependence should become observable at
intensities above 2 mW/cm' in BK7.

In summary, we have observed a strong ther-
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mal variation in the dielectric constant of glass-
es at very low temperatures. From our observa-
tions we have derived electric dipole moments
associated with transitions within two-level sys-
tems in glasses. If one thinks of these two-level
systems in terms of moving groups of atoms, our
experiments show that the corresponding electri-
cal charge is higher in borosilicate glass than in
vitreous silica.
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Spontaneous Magnetization Reversals in Magnetite in the Verwey Transition Region

R. A. Buckwald, A. A. Hirsch, D. Cabib, and E. Callen*g

Physics DePartment, Technion Israel Insti-tute of Technology, Haifa, Israel
(Received 24 March 1975)

A magnetite rod has been observed to rotate suddenly at up to six discrete tempera-
tures between 110 and 183 K in a weak magnetic field (1.5 Oe).

We have observed three, four, and sometimes
six reversals in the direction of magnetization of
samples of polycrystalline synthetic magnetite as
well as of natural single crystals of the oxide as
the temperature is raised through the Verwey
temperature (Tv 119 K). We magnetize the sam-
ple along its long axis in a large field (about 10
kOe), cool it to liquid air temperature (while
holding it in a keeping field of 50 Oe to maintain
the remanent magnetization), and then lower the
field (H) to 1.5 Oe. The sample is placed within

a cryostat and gradually warmed, over a period
of up to 8 h at a rate of 0.25 + 0.05 K per minute.
In the 1.5-0e field, the sample rotates many

times, coming to rest after swinging through any
integral multiple of 180'. In general, the appear-
ance of the discrete jumps of 180' varied from
trial to trial. In some samples the jumps are ac-
companied by smaller rotations due to intermedi-
ate nonaligned orientations. Figure 1 exhibits
typical angle-versus-temperature curves for four
different samples. Figure 2 shows an example of
the frequency of occurence of the large discrete
rotations of a sample of synthetic magnetite.

We think this is a unique phenomenon; so far
as we know, there is no other material with more
than one magnetization reversal. Magnetization
reversal in magnetite is well known in the rock
magnetization literature. ' A single self-reversal
in the direction of the remanent magnetization of
a single crystal at 130 K was first reported by
Yama-ai, Ozima, and Nagata. ' These investiga-
tors found that the self-reversal was critically
dependent on the shape of the sample; that is,
the shorter the sample, the more pronounced
was the self-reversal. In order to explain this
reversal they assumed that there are two differ-
ent kinds of magnetic domains which are coupled
with each other by magnetostatic forces.

In our samples, which have a rod shape, we ob-
serve a large number of discrete 180' rotations
only when they are many times as long as they
are thick. We believe that our rods in their ini-
tial remanent states behave as single domains.
The low frequency of observations of 180 rota-
tions at higher temperatures (Fig. 2) may be due
to the introduction of multiple domains in the
samples after several successive reversals. Do-
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