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It is postulated that tunneling centers responsible for the low-temperature thermodynamic
behavior of a glass are linked with those local regions where thermally excited orientational and/or
translational diffusion occurs at T < T in an otherwise rigid glassy matrix. This postulate is tested
by three sets of different experiments, namely, (i) physical aging, (ii) regions created in crystals by
neutron irradiation, and (iii) regions created by addition of a second component to a glass, by using
results from the literature. These results seem to confirm the postulate. The number of such local

regions is ~ 10'® per mole of a glass.

I. INTRODUCTION

Despite extensive studies since 1971, the atomic or
molecular origin of phonon-assisted tunneling, or local-
ized excitations, responsible for the low-temperature non-
Debye behavior of amorphous solids remains unidentified.
Hunklinger and Arnold! suggested that localized excita-
tions may originate at the defect sites in the microscopi-
cally inhomogeneous structure of vitreous SiO, and Phil-
lips® showed that rotation of an O-H group bonded to the
SiO, structure provides an explicit model for the effect of
O-H groups on the localized excitations in vitreous silica.
The microscopic models of their origin, which apply to all
glasses obtained by cooling a liquid, were given by Cohen
and Grest® and by Phillips.* These models predicted that
the magnitude of the anomalies in heat capacity, C,,
thermal conductivity, k, etc., of glasses would be greater
the lower their glass transition temperature, T,. As sup-
port for their respective views, the authors noted the ob-
servations by Raychaudhari and Pohl>® that when dif-
ferent glasses are studied, the linear term of the Co-T re-
lation is proportional to the inverse of both their T, and
their fictive temperature, T,;. Recently, McDonald et al.’
showed that Raychaudhari and Pohl’s observations are
less satisfactory on experimental grounds and concluded
that models developed to explain the localized excitations
have no explicit support.

Glasses also have a much higher C, at T < T, than is
expected from phonon contributions alone. This is partly
due to the potential energy associated with the thermally
excited localized motion, or relaxation, that occurs in
them. We postulate that the tunneling centers and local-
ized configurational states available to molecules within
an amorphous structure, or that the quantum effects
(T <1 K) and the classical (orientational and/or transla-
tional) diffusion over short distances, are linked with the
same microscopic origin. Thus the tunneling centers may
be envisaged as those sites where thermally excited molec-
ular motion occurs at T < Ty—the motion being much
faster than and different from that which spontaneously
relaxes the structure of a glass and densifies it.

The possibility that the tunneling centers and localized
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configurational states in vitreous SiO, have the same mi-
croscopic origin was considered by Hunklinger and Ar-
nold.! They noted that the existence of localized structur-
al defects that can occupy different configurations is com-
mon to the models given in the literature for the structure
of vitreous SiO,. The ultrasonic peak observed at T =50
K in it was then explained in terms of the thermodynamic
states associated with the transition between the two sites
of a double-well potential that represent the different con-
figurations of the localized structure defect in vitreous
SiO,. Phillips® took a similar view and showed that the
rotation of O-H groups in impure vitreous SiO, provided
a precise microscopic model for the extrinsic tunneling
states in it. The recent extension of the free-volume
theory® seems to contain the same postulate but for the
glassy state in general. However, it leads to a conclusion
that, as McDonald et al.” noted, has no experimental sup-
port. The theory also does not explain the occurrence of
secondary relaxations, or the availability of localized con-
figurational states, in the otherwise rigid matrix of a
disordered solid, to which the origin of tunneling centers
is linked in our postulate.

II. TUNNELING AND LOCALIZED
CONFIGURATIONAL STATES

In the explanation for the low-temperature non-Debye
behavior of heat capacity of glasses by phonon-assisted
tunneling, a certain number, or group, of molecules are as-
sumed to have accessible to them two nearly equivalent
equilibrium configurations corresponding to the minima
of asymmetric double-well potentials. Tunneling is treat-
ed by a model Hamiltonian equation for two-level systems
representing the ground states in the two local energy
wells®® and involves a small group of atoms undergoing a
local rearrangement. The larger the number of atoms in-
volved the easier it is to find two ground states of equal
energy and therefore the number of atoms involved is
presumed to be small so that the distance between the
states in configurational space is minimized.

The occurrence of localized molecular motions is now
considered intrinsic to the disordered structure of all types
of glasses despite the varied nature in them of molecular
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interactions, from strong electrostatic to the weak van der
Waals type, and of the disorder, exclusively orientational
or positional, or both.!%!! Dielectric and mechanical re-
laxations, NMR spectroscopy, light scattering, depolariza-
tion of fluorescence, and electronic mobilities all show
these motions as secondary relaxations which cease to
occur on the time scale of one’s experiment at T << Ty.
This means that the microscopic configurational state of a
glass does not remain fixed on cooling from T, to 0 K
and that the various configurations explored by molecules
in local regions in an internal thermodynamic equilibrium
within the structure of a glass constitute a degree of free-
dom, in addition to vibrational, which determines the
thermodynamics of a glass.

A substantial fraction of the expansivity,'? heat capaci-
ty,”® and entropy>~" of a glass at 0 < T < T is therefore
associated with the thermally accessible configurational
states of different potential energies available to a group
of atoms of molecules, in thermodynamic equilibrium,
within local regions, which in turn are distributed in a
macroscopically metastable, thermodynamically none-
quilibrium structure of a glass. The heat capacity of a
glass at T < T, cannot, therefore, be described by the De-
bye theory in which the quantity is determined only by
the vibrations of atoms or molecules confined to fixed
sites in a rigid lattice of a solid treated as an elastic con-
tinuum. Such configurational states are accessible to cer-
tain groups of atoms or molecules within regions of low
density and high entropy in the structure and are figura-
tively represented by the corrugated bottom of a deep po-
tential well.'’

We suggest that tunneling centers at T'<1 K may be
related to those local regions where thermally activated
molecular motions at T <7, occur and contribute to the
C, of a glass. This means that the low-temperature non-
Debye behavior of C, (or excess Cp) is concomitant with
the high-temperature (T < T;) non-Debye behavior of C,
(or excess Cp) with T of a glass.

III. CONSEQUENCES OF THE POSTULATE

If the molecules in local regions of loosely packed
structure were to be connected with or identified as tun-
neling centers, one would expect three distinct regions of
the variation of C, with T in the range from O K to T,
namely, (1) a linear increase of C, with T, (ii) an appron-
mate T3 dependence accordlng to the Debye equation,
and (iii) a rapid increase with temperature beyond the T
variation as T, is approached. This means a change first
from the C,xT behavior to an approximate Debye
behavior and then a progressive deviation of C, towards
values higher than expected from the Debye behavior,
when the degrees of freedom giving rise to potential ener-
gy associated with the configurational states become ki-
netically unfrozen. The observations of the first behavior
are well documented in the literature'® and the excess en-
tropy of glasses and other disordered solids has shown the
second and third regions.!?~ 1%

An important consequence of the postulated connection
between the high-temperature and the low-temperature
non-Debye behaviors is that any procedure that affects the
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magnitude of a property in the high-temperature regime
would affect qualitatively similarly the property in the
tunneling regime. This means that an increase (decrease)
in the number of molecules in local high-volume, high-
entropy, regions, or in the strength of the secondary relax-
ation, would increase (decrease) the C, of a glass both at
T <T; and at T <1 K. Therefore, a decrease in configu-
rational C, at T <7, would also cause a decrease in the
linear term of C, at T <1 K. This consequence can be
tested by three types of experiments as follows.

(i) It is known that spontaneous densification on physi-
cal aging of a glass lowers the strength of, or the number
of molecules involved in, its secondary relaxation!”~2? and
the number of molecules contributing to its C, and entro-
py at T<T,. 13,15 Similar effects appear when the fictive
temperature Ty of a glass is decreased by slowly cooling
the melt or when two glasses, one obtained by quenching
and the other by slow cooling, are measured.?’ One would
expect that densification of a glass would also reduce the
number of tunneling centers, or the density of localized
excitations, thereby decreasing its C, and dielectric loss,
increasing its thermal conductivity and affecting changes
in the related properties at T <1 K. This means that a
glass would approach the Debye behavior or the magni-
tude of its C, anomaly would decrease on densification
during physical aging, or on lowering of its 7.

The above given deduction neither agrees with nor op-
poses the conclusion of other tunneling models®>* which
suggest that a high T, indicates a small concentration of
two-site atoms, or tunneling centers, and therefore the
amplitude of the C, anomaly is less in glasses of high T,.
It seems, however, in contrast to the observed approxi-
mate inverse relationship between the coefficient of the
linear term of C, and the fictive temperature of vitreous
silica,> though these findings have been recently also
questioned on grounds of experimental interpretation by
McDonald et al.”

A search of the literature revealed that only selenium
glass has been studied accurately enough over a wide tem-
perature range to provide a test of this consequence. Fig-
ures 1, 2, and 3 show the changes in C, at both T <T,
and T <2 K and in the thermal conductivity at T <2 K,
respectively, of selenium glass. The high-temperature
data in Fig. 1 are taken from Chang and Bestul’s work,?
the low-tem?erature data in Fig. 2 for C, from Lasjaunias
and others.?* The data in Fig. 3 for thermal conductivity,
k, are taken from Calemeczuk.?® These data show (Fig. 1)
that aging for 15 months at 278 K decreased by 50% the
C, associated with the tunneling, i.e., after the acoustic
T contribution was deducted from C,.* At T near Ty,
glassy Se obtained by slow cooling the melt has 0. 36%
lower entropy and 1.5% lower C, than that obtamed by
quenching the melt (Fig. 2). In addltlon, Etienne?® has
observed a decrease in the mechanical loss tangent at
T <T, on annealing the selenium glass. Calemeczuk?®
has shown (Fig. 3) that thermal conductivity of Se glass at
T <2 K increased by ~25% when its fictive temperature
was decreased by ~10%, or ~30 K.

Several other glasses also show this effect. For exam-
ple, Lasjaunias et al.?”?8 found that densification of silica
glass by ~0.1% on aging at 1573 K appreciably de-
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FIG. 1. (a) Excess heat capacity of a melt quenched over a
slowly cooled selenium glass plotted against temperature show-
ing the effect of slow cooling the melt on the C, of its glass.
Data are taken from Ref. 23. (b) Excess entropy of the melt
quenched over the slow-cooled-melt Se glass.
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FIG. 2. Heat capacity of Se glass in the tunneling regime.
The solid line represents a glass before ageing or annealing and
the dashed line represents a glass physically aged for 15 months
at 278 K (data from Ref. 24). The dashed-dotted line represents
the acoustic contribution to C,, equal to T°X 171 ergs/gK*.
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FIG. 3. Thermal conductivity of Se glass in the tunneling re-
gime. The solid line represents melt-quenched glass and the
dashed line represents an annealed glass (data from Ref. 25).
The increase reported is ~25% for ~10%, or ~30 K, decrease
in the fictive temperature.

creased its C, at 0.5<T <1 K and by ~10% at 0.1
< T <0.5 K, the temperature range for the tunneling-
center excitations. The same group?’ also showed that,
conversely, expansion of B,0; glass on thermal treatment
above its fictive temperature increased its C, by ~10% at
T <1 K. Aging or annealing of sputtered amorphous
films of metallic alloys seems to cause the largest known
decrease in their C, and increase in their thermal conduc-
tivity.? Since the authors®® have independently con-
firmed that aging densified the sputtered amorphous
films, in particular of Zr;¢ Cu,4, We suggest that densifi-
cation reduced the number of local regions identified here
as tunneling centers.

(ii) Neutron and electron irradiation of certain crystals
causes them to acquire an anomalous behavior of their C,
and k at T <2 K. As a consequence of our view, such
crystals should also acquire a secondary relaxation at
T >>0 K. For example, neutron irradiation of synthetic
quartz has been found to introduce local excitations in the
crystal and the consequent anomalies in the temperature
dependence of both its thermal conductivity*"3? and low-
temperature heat capacity.’’> Concomitant with the ap-
pearance of these anomalies, as Stevels®® has found, is an
increase in the number of atoms involved in localized
motions in its crystal at T~50 K, which appears as a
pronounced increase in the height of its dielectric relaxa-
tion peak at 50 K measured at 32 kHz. Thus neutron-
irradiated synthetic quartz behaves like an amorphous
solid in both its low- and high-temperature regimes.

(iii) Addition of a second component to a glass oc-
casionally increases the density of localized excitations or
the magnitude of its C, anomaly. As a consequence of
our view it should also increase the strength of its secon-
dary relaxation. In a careful study of the effect of the ad-
dition of K,O to SiO, glass, McDonald et al.” noted that
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the addition of K,O increased the low-temperature
anomalous C, or the density of the localized excitations
of the SiO, glass. Stevels®® has found that the height of
the secondary relaxation peak at ~60 K measured at 1
MHz is increased by ~50% on addition of K,O to SiO,
glass and that further addition of K,O increased the
height of the peak further.

Phillips? has already shown that small addition of OH
groups to vitreous SiO,, which chemically bonds to its
network structure affected both its C, and thermal con-
ductivity. He used these observations to develop an expli-
cit microscopic model in which the rotation of chemically
bonded O-H groups in vitreous SiO, provided a quantita-
tive account of the impurity-induced extrinsic tunneling
states.

Thus the above-mentioned three experiments seem to
confirm the postulated connection between the localized
states involved in tunneling and those involved in configu-
rational relaxations of a glass. We have observed!"!* that
nearly 10—30% of the total polarization is associated
with the secondary relaxations of a glass. Since only one
in ~10° molecules is involved in dielectric relaxations at
the low electric fields generally used, it means that the to-
tal number of molecules in localized regions is ~ 10'¢ per
mole and that the number of localized regions containing

this number of molecules is appreciably less than ~ 10!
per mole.

IV. CONCLUSIONS

The tunneling centers at T~1 K may be connected in
origin with those local regions where thermally activated
molecular motion at T < T, occur and contribute to the
C, of a glass. If so, the low-temperature C, anomaly is
concomitant with the high-temperature (T <7,) non-
Debye behavior. Aging of a glass decreases both these
anomalies. The decrease has been observed in both the
heat capacity and dielectric measurements. The thermal
conductivity at T <2 K is increased on lowering the fic-
tive temperature of a glass.

Aging causes a glass to spontaneously approach a struc-
ture with the properties of an isotropic elastic continuum.
Its C, would tend towards the Debye behavior in the en-
tire range of 0 < T < T, when the contributions from the
tunneling effects at low temperatures together with the
thermally activated transitions at T < T, gradually cease
to dominate. It follows that if Hunklinger and Arnold’s'
suggestion was anologous to our postulate, annealing of
vitreous SiO, would also reduce the ultrasonic peak ob-
served at T~ 50 K. This can be experimentally tested.
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