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Explanation for the universal low-temperature and dynamical properties of a particular glass
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We present new measurements of the time-dependent specific heat of cubic (KBr)ys(KCN)gs. Using a
microscopic model of the tunneling centers (180° CN ™~ reorientations), we provide a unified explanation of
this specific heat and the low-frequency dielectric loss. Thus, in a crystal exhibiting the universal low-
temperature thermal properties and the broad low-frequency dielectric relaxations characteristic of glasses,
we have explained both using a microscoepic tunneling model.

Low-temperature properties of glasses‘appear to be dom-

inated by tunneling centers. The tunneling-center models!
have explained the logarithmic time dependence and linear
temperature dependence of the specific heat and the T2
dependence of the thermal conductivity. Two topics, un-
touched by these early theories, have remained muysteries:
the microscopic structure of the tunneling centers and the
universal density of the active centers (as deduced from
low-temperature thermal measurements in glasses), Low-
frequency dynamical properties of glasses and other amor-
phous systems have been modeled using several different
approaches.” These theories relate the low-frequency proper-
ties to the liquid-glass transition. Each has its own explana-
tion for the broad distribution of relaxation times found in
these systems; these explanations are very general and ma-
terial independent.
" While universal properties should not depend on details
of the particular glass, the converse is also true—an ex-
planation for a universal property must apply to each indivi-
dual glass: for example, to (KBr)os(KCN)ys. Cubic
(KBr); -, (KCN),, for 0.1 <x < 0.6, freezes into a disor-
dered state at low temperatures, and this state has glassy
low-temperature thermal properties.»* In this paper,

we relate the low-frequency dielectric properties®® of .

(KBr)os(KCN)os observed above 10 K to the universal
low-temperature properties. (We are not concerned with
the controversial glass transition.) We determine the micro-
scopic structure of the tunneling centers and the density of
active centers in this glassy crystal. We report new experi-
mental results, including extensive measurements of the
time-dependent specific heat. Much of the theoretical basis
of this paper has appeared as speculations in previous
work,>*%-1% we have turned these speculations into a quan-
titative calculation. Thus, at least for this particular glassy
material, we provide a microscopic explanation for the ob-
served broad distribution of relaxation times and we resolve
both outstanding mysteries in the tunneling theories of
glasses.

In the pure alkali cyanides, cyanide-cyanide interactions
cause a phase transition in which the cyanide axes (quadru-
poles) align, remaining free to reorient by 180°.}' The cor-
responding dielectric-loss peak is well described by mean-
field theory;’ the reorientations are thermally activated, with
the barrier height ¥ a direct measure of the (quadrupolar)
orientational order among the neighboring cyanide ions.
This loss peak in (KBr),_,(KCN), continuously broadens
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(to §-10 decades full width at half maximum) and shifts’ as
the cyanide concentration x is lowered. At x =0.5, the peak
can be well described in terms of thermally activated cross-
ing over barriers ¥ with a Gaussian distribution P(¥):

. — 2
P(V)=(ro)Texp (LZV—)] )
g

where Vyis 659 K and ¢ is 300 K —1.5T.¢

* Since the loss peak broadens smoothly and continucusly
as x decreases, it is natural to assume that the peak is still
due to 180° reorientations; the axes are frozen by the strong
elastic couplings. Thus the low-frequency dielectric
behavior is insensitive to the disappearance of long-range
order. Furthermore, we have found that the glassy low-
temperature thermal properties also occur at x =0.7, where

" the cyanide orientations have long-range order: The ther-

mal conductivity shows the same 7? form below 1 K and

‘the same plateau between 2 and 10 K as does the x =0.25

sample; the specific heat shows a (small) time-dependent
term linear in 7. Thus the glassy low-temperature thermal
behavior and the glassy low-frequency dielectric behavior
are both insensitive to the presence of long-range crystalline
orientationali order. Qur theory is an extension of the
mean-field theory for pure KCN to include some of the ef-
fects of disorder: We interpret the mean-field strength as a
measure of the /local orientational order. It does not distin-
guish between the glassy and ordered states, and is not a
model for the glass transition.

The orientational order in the cyanides is described by a
quadrupolar mean field. (The details of the theory will be
published separately.)!? The coupling of an ion to this
mean field will be a sum of contributions from the (ran-
domly distributed) first- and second-nearest-neighbor
cyanides. If these contributions are roughly uncorrelated,
we can use the central limit theorem to justify a Gaussian
distribution of coupling constants. Each cyanide will have

. two stable orientations in the strain field. The barrier height

V to 180° cyanide reorientations is proportional to the cou-
pling constant, which naturally explains the log-normal form
for the dielectric-loss peak [Eq. (1)1. To check if the fluc-
tuations are large enough to explain the width of the peak,
we can make the rough approximation of equal contribu-
tions from the 12 nearest neighbors: the ratio of the width
to the peak of the resulting (nearly Gaussian) binomial dis-
tribution is 1/v/6. This prediction is 12% smaller than the
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{7 =0) experimental ratio o/¥,. The temperature depen-
dence of o is due to the increasing thermal disorder in the
neighboring cyanides, and is predicted within a factor of 2
by the theory. Thus our theory explains the form, width,
and temperature dependence of the dielectric-loss peak.

Figure 1 shows the time dependence of the measured
specific heat at x =0.5 over five decades of time r; similar
data have been obtained for x=0.25 and 0.7. The solid
curves in Fig. 1 are best fits of the form C=C T + CpT?
Cp=196 erg/gK* is the phonon contribution calculated
from elastic measurements.!

We will explain the time-dependent specific heat in terms
of the same 180° cyanide reorientations that cause the
dielectric-loss peak. We can use the distribution of barrier
heights in Eq. (1) to estimate the number of active tunnel-
ing centers on a given time scale. A straightforward WKB
estimate'® shows that the tunneling rate for barrier heights
V> Vig=96 K will be slower than 1 Hz. Thus, for
x =0.5, only the 0.35% of the ions with barriers less than 96
K in Eq. (1) will be able to tunnel in an experiment done
on a l-sec time scale.!® Of all the CN~ jons which are
mobile on a certain time scale #, (i.e., which have barriers
lower than V’o)’ only those with energy splittings < k3T
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FIG. 1. Specific heat, determined from the temperature rise of
the quasiadiabatic sample after the times ¢ indicated. The curves are
of the form C=C,T+Cp T3, where Cp is the Debye value deter-
mined from elastic measurements.
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can contribute to the specific heat; the others are frozen
out. The density of states in this range should be nearly
constant and nonzero, leading to the term C,T in the specif-
ic heat. We do not have a direct experimental probe of the
distribution of asymmefries, but since they are due to
dipole-dipoie couplings, the inverse density of states should
be given roughly by the asymmetry energy between the two
orientations in the pure-cyanide antiferroelectric phase.
This has been measured recently'® to be —~ 340 K. Thus
the CN~ ions with barriers ¥ < 96 K will be spread over
the asymmetry range 4 5,,= 340 K, leading to a density of
active tunneling centers per unit energy of (0.0035
centers)/ (340 K), assuming a uniform distribution over the
asymmetry range. A fit to the 1-sec specific heat is
achieved with only a slightly higher density, i.e., a smaller
Amax =292 K. The time-dependent C,(¢) calculated without
further adjustments agrees well with the data shown in Fig.
2. The standard models!' assume a constant density of
states P per unit of volume, of tunneling exponent, and of
asymmetry energy. They predict a straight line,!’

2 —
Ci(f) = %k}P InC4t/7min) , @

which also fits the data well (although it has the additional
free parameter o).

_ Finally, we reconcile!® the magnitude of the thermal con-
ductivity>* {A(T) = 721 with that predicted by the tunnel-
ing models, and we discuss the low-temperature dielectric
constant [Ae'/e' =1n(T)1.%° Since the thermal conductivity
is dominated by centers with especially low barriers, it is
sensitive to crystali-field effects which are negligible for the
specific heat. Although this makes a detailed calculation of
A difficult, we shall estimate it roughly using the standard

model, which predicts’?
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Here p is the mass density and v, is the speed of sound of
the ith phonon polarization, coupled to the tunneling states
with coupling constant y;,. We write the sum in (3) as
3vo/72, where vp is the Debye speed of sound. We mea-
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FIG. 2. Open circles: C,(#), the prefactors of the linear specific-
heat anomaly shown in Fig. 1, compared with the predictions of the
standard tunneling model and of the present work. The standard
model has both slope and intercept as free parameters, while the
microscopic model has only the overall vertical scale to adjust; the
magnitude of this adjustment can be estimated within a factor of 2.
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sure the coefficient of T2 in A(T) to be 9.5, 17, and
7.5%x107* W cm™! K~ for x=0.25, 0.5, and 0.7. Given
this and P=4, 0.8, and 0,2x10~32 erg"c =3 from the
time-dependent specific heat (roughly the slope of the
straight line in Fig. 2), the effective coupling ¥ can be com-
puted: ¥=0.12, 0.18, and 0.54 eV, respectively. The first
two values are comparable to the components of the strain
coupling tensor for an isolated cyanide, which are about

0.15 eV.?* Thus the magnitude of the glassy thermal con-

ductivity can be extrapolated from the dilute limit, at least
until long-range order sets in. The dielectric constant €’ has
been measured® for x =0.1 and 0.2, and a glassy logarithmic
temperature dependence was observed. If we extrapolate
our determination of P(x) to these concentrations, the elec-
tric dipole moment necessary to fit the data is u=0.3 D; the
accepted value for low concentration CN~ in KBr is 0.5
D —a reasonable agreement.

To conclude, we have convincingly linked the low-
frequency dielectric-loss behavior and the time-dependent
low-temperature specific heat in (KBr)os(KCN)os. Both are
simply due to 180° reorientations of individual CN~ ions
(activated thermally and mediated by quantum tunneling,
respectively). These reorientations are hindered by a

Gaussian distribution of barrier heights stemming from the
cyanide-cyanide elastic interactions.

What have we learned about structural glasses? First, or-
dinary point tunneling centers can cause glassy behavior.
Many exotic centers have been proposed; these are not
ruled out, but are not universally necessary. Second, start-
ing from roughly one center per atom, the magnitude of the
specific heat of this system naturally assumes a value
characteristic of glasses. Not only do we have a microscopic
explanation of the density of active centers, but we also
have a natural connection between the tunneling centers
and the zero-temperature entropy of glasses.”? Third, the
low-frequency dynamics of glasses may be connected to
thermally activated reorientations of similar centers. By
studying a particular glass, we may have gained insight into
glasses in general.
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