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We have studied the specific heat of nitrate glasses (T' <1 K) doped with water, lithi-
um, and nitrite. We have found that there is a basic difference between doped crystals
and doped glasses regarding the excess specific heat caused by the presence of the
dopants. Dopants in glasses cause a change in the low-temperature specific heat only if
the glass transition temperature T; changes upon admixing. The excess specific heat is
found to be inversely proportional to 7. Similar results have been observed on silica
containing sodium and on neutron-irradiated silica, for which the important parameter is
the fictive temperature Ty. It is concluded that the frozen-in disorder in the glass, which
is measured by T (or TY), is an important factor in determining the density of states of

low-energy excitations which are characteristic of the amorphous state.

I. INTRODUCTION

Low-temperature properties of glasses (7' <1 K)
have been studied extensively in recent years.!
Thermal, acoustic, dielectric, and other measure-
ments indicate the presence of a broad spectrum of
low-energy two-level systems (TLS) in glasses. A
phenomenological tunneling model** seems to ex-
plain the important observations. However, not
much is known yet about the nature of the tunnel-
ing entities. '

Tunneling of impurity atoms and molecules in
crystalline solids has been well studied and most of
its aspects are well understood.* The tunneling
motion of impurity species gives rise to low-
frequency excitations (@~1 cm™!). They can be
of rotational type as in RbCl:CN or KCI:NO, or
off-center type as in KCL:Li or NaBr:F. It has
been suggested that atoms or groups of atoms in
glasses can undergo similar tunneling motions.
There is, however, one important difference. In
crystalline systems, it is the impurity which tun-
nels, whereas in glasses, the tunneling is believed to
be intrinsic, i.e., the atoms which make the glass
matrix take part in the tunneling motion.

The present search owes its origin to the above
studies. The basic question that we asked is relat-
ed to a very fundamental yet generally not well-
recognized problem: whether it is at all possible
for a molecular or atomic species in an amorphous
solid to tunnel in the way it does in a crystalline
matrix. In a crystal, the impurity has to fit inside
a cage of well-defined shape; one has a potential
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for tunneling if the cage is loose enough. In a
glass, the matrix may well form a tight fit around
any shape or size impurity atom and never allow it
to tunnel as a separate entity. It is known from
studies of tunneling in crystals that not all impuri-
ties in crystals give rise to tunneling modes. Only
a few selected impurities can tunnel in certain cry-
stal matrices. There is no a priori way of predict-
ing which impurity will tunnel in which matrix.
Thus, the question arises whether there is any a
priori reason why individual atoms or molecules
will tunnel in an amorphous solid, and whether
such tunneling is possible in all amorphous solids.
If the TLS were indeed the result of tunneling by
individual atoms or molecules then one might ex-
pect that tunneling should be readily produced by
additional atomic or molecular species introduced
deliberately into the glass. This study has been un-
dertaken to do a systematic search for tunneling
states in doped glasses. Previous studies by
Stephens® and Lasjaunias® have shown that impuri-
ties, probably water, do increase the low-
temperature specific heat, although the changes
were small and no clear correlation between impur-
ity concentration and specific heat anomaly was
observed. (Note that changes in specific heat have
been observed from iron contamination in glasses,
but they result from spin states, not from tunnel-
ing.) Our study started with the following objec-
tives.

(1) Into a single host glass try to incorporate im-
purity ions which are generally known to give rise
to tunneling in crystals and then study how they
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affect various properties of the glass.

(2) Try to establish scaling of changes, observed
after doping, with impurity concentration.

(3) Compare and contrast it with the impurity
modes in crystalline solids.

For these studies we have chosen an ionic glass
made from Ca(NOs), and KNO;.”® The reasons
for the choice are the following.

(1) The chemicals are easily available in pure
form.

(2) Low melting point makes the preparation
easy.

(3) The bonds in the glass are predominantly ion-
ic’ and the material may well serve as an amor-
phous counterpart for ionic crystals in which most
of the studies on tunneling in crystals have been
made. Dopants used were H,O, Li*, and NO,™.

We have also investigated the silica glasses,
which had either been neutron irradiated or to
which sodium oxide had been added.

II. EXPERIMENTAL TECHNIQUE
A. Preparation of nitrate glasses

Nitrate glasses were prepared using
Ca(No;3),4H,0 and KNOj as starting materials.
Both materials are available commercially as
reagent grade. For all the glasses in which doping
studies were made we started with % parts (by
weight) of KNO; and —:— parts (by weight) of
Ca(NO;),-4H,0. The melting batch varied in total
weight from 40 to 100 g, depending on the need.
The weighing was done to better than 1% accura-
cy. The mixture was heated in an open glass tube
in a furnace with automatic temperature control.
To start the meltdown the furnace was kept at
150—170°C. When the liquid started bubbling wa-
ter vapor was released. The temperature was then
raised in a controlled way by steps of 20°C. The
temperature was raised only when bubbling at a
certain temperature had ceased. In this fashion the
melt was heated up to 400—500°C to drive off
most of its water. The melt then was extremely
clear, but showed no sign of further evaporation or
of decomposition, although it had a slight yellow-
ish tint above 400°C. Beyond 500°C the melt can-
not be heated because the nitrate starts decompos-
ing into nitrite, which generally shows up as a
faint brownish fume, and tiny bubbles appear in
the melt. Careful control was absolutely necessary
at this state. After the heating had been stopped

and the tube taken out of the furnace, it was
cooled in air for 5 min, and its contents poured
into aluminum molds (both air-cooled and water-
cooled molds work equally well). Upon cooling, a
clear, plasticlike solid had formed.

By weight, % part of KNO; and % part of
Ca(NOs),°4H,0, when boiled together to drive off
water, result in a glass of the composition 51
wt. % Ca(NOj3), and 49 wt. % KNO;. It is
known’ that the glass which contains 50.4 wt. %
Ca(NO;), is as stable against crystallization as the
more stable glasses in the system Na,O-SiO,. This
weight composition corresponds to 39.1 mol %
Ca(NO3), and 60.9 mol % KNO; and lies close to
the middle of the glass formation range of the
KNO;-Ca(NO;), system (40— 70 mol % KNO;).
This particular composition is one of the well-
studied compositions of the nitrate glass family
and will be henceforth referred to as 40/60
Ca(NO;),-KNO;.

Much effort was devoted to the removal of the
residual water. The starting batch has ~18 wt. %
water in it [from the Ca(NO3),4H,0]. Initially
we attempted to dry the Ca(NO;),-4H,0 at 100°C
in a vacuum, but this was inadequate. We then
placed the whole system in a glove box and bub-
bled dry nitrogen or argon through it. By this
method the water level was decreased to ~0.03
wt. %. It was not possible to go below this level
mainly because of decomposition of the nitrate.
To prevent decomposition we tried to bubble dry
oxygen through the melt but it did not improve the
situation. We then found that, although dry gas
bubbling enhanced the rate of release of water of
the melt, simply heating the melt up to 400—
500°C can lower the water level to ~0.05 wt. %,
and produces a particularly clear glass. Since bub-
bling dry gas in a glove-box atmosphere is rather
complicated, we decided to follow the simpler pro-
cedure of boiling in air.

The water concentration was monitored through
ir absorption at 2.6, 1.92, and 1.44 um. For
glasses containing more water, the absorption at
2.6 um was so large that it was difficult to obtain
a sufficiently thin sample. For these glasses the
concentration was monitored through the 1.92- and
1.44-um bands. A sample cell shown in the inset
of Fig. 1 was used. Sapphire windows were select-
ed for their good transmission in this spectral
range.

The spectrum was taken in a Cary 17 D spec-
trometer. A typical spectrum is shown in Fig. 1.
Since the water concentration of our samples was
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FIG. 1. Typical spectrum of a water containing ni-
trate glass. The absorption constant is given as
a=(1/d)In(1y/I), where d is the thickness of the sam-
ple. The inset shows the sample cell, made of alumi-
num, with sapphire windows.

2.5um

changed over a wide range, the absorption band at
1.44 um was the only one which could be kept on
scale over the entire concentration range studied,
using a sample thickness of 0.5 cm. A fixed-
thickness sample cell helps to intercompare spectra
without errors arising from thickness measure-
ments. The bands were calibrated first by measur-
ing the spectrum of 40/60 Ca(NO;),-KNO;-4H,0
glass. For samples with intermediate water con-
tents, the concentration was determined through
weight loss upon drying. As shown in Fig. 2, the
peak absorption (a,,) for all three bands increases
linearly with water concentration. The half-width
of the absorption curve at 2.6 um, which is the
fundamental stretching vibration, is 280 cm ™! in-
dependent of water concentration. At the 2.6-um
band the absorption is 120 cm™!/wt. % water.
This is very close to the value of 100—50
cm™!/wt. % water observed in silica-based glasses.’

Doping of the nitrate glass with water was done
by controlling the boiling time and temperature.
By this method a desired amount of water can be
left in the melt before it is quenched to form a
glass. The amount of water in the sample was
then determined spectroscopically.

Hydroxyl doping was tried using KOH. Since
KOH readily converts into K,COj3 by absorbing
CO, from the atmosphere, the following procedure
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FIG. 2. Linear variation of the peak absorption a,,
with the water concentration at 2.6, 1.92, and 1.44 um.

had to be used. A measured quantity of dry glass
was mixed with a measured quantity of KOH in a
beaker. The KOH was kept under ether during
weighing. The mixture was then evacuated, melted
in argon, and quenched. In spite of all the precau-
tions taken, the sample turned out to be milky,
probably because of carbonate. Very little OH™
was detected through ir absorption. The procedure
was not pursued further.

Nitrite doping was done by adding a known
amount of KNO, to the melt. To check whether
the KNO, dissolved in the melt, a chemical test
was performed based on a colorimetric method.!”
The nitrite was reacted with a primary aromatic
amine in an acidic solution (in our case, 0.5 wt. %
sulfanilamide in 20 vol % HCI) to form intermedi-
ate diazonium salt. The diazonium salt, when
treated with an aromatic compound containing am-
ino or hydroxyl substitutents, forms a conjugated
azodye that is suitable for colorimetric measure-
ments. The final product has an absorption band
at 540—550 nm. This absorption was calibrated
using a standard aqueous solution of KNO,.

The value of the NO,™ concentration obtained
by this analysis agreed to better than 10% with the
amount of NO,™ added to the melt. By chemical
analysis we found that the undoped material con-
tains ~4X 10" NO,~ ions/cm?, which we suspect
to come from the decomposition of nitrate during
heating. Maximum doping achieved with KNO,
was ~5%x10%%/cm3. At higher concentrations, the
samples became milky.

Lithium doping was done by adding measured
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quantities of LiNO; to the melt. The amount of
Lit ions in the glass was checked by flame spec-
troscopy and found to be equal to the amount of
Li calculated from the added LiNO;. The max-
imum doping that we achieved was ~ 63X 10%/cm?.
At higher concentrations, a clear glass was not ob-
tained.

B. Determination of T

The glass transition temperatures T of all the
samples studied were determined by using a Du-
pont Thermal Analyzer. We used a heating rate of
10 K/min, which was approximately the cooling
rate during quenching. Typical accuracy of T4
was +1 K. The data were reproducible within that
accuracy and, for dry 40/60 nitrate glass, agreed
with those determined by Angell and co-workers.!
In Lit- and NO, ™ -containing glasses, an endother-
mic peak sometimes occurred just below T in the
thermal analyzer curve, which we suspect to be
caused by partial crystallization or by relaxation.

1

C. Specific-heat measurements

The specific heat (C,) was determined in the
temperature range 0.1—2.0 K using a heat-pulse
technique described in detail elsewhere.!”> Here we
mention only two important features.

The method consists of connecting the sample to
the heat sink by a thermal link whose time con-
stant is very large compared to the internal equili-
brium time constant of the sample. Typically, the
internal equilibrium constant of the sample was
~0.4 and ~0.2 sec at 0.1 and 1 K, respectively.

A heat pulse of definite power and time duration
was applied, and the sample thermometer was
monitored as a function of time. The sample re-
laxed to the temperature of the heat sink in an ex-
ponential fashion as shown in Fig. 3. In the log-
linear plot of the time-temperature profile we al-
ways obtained a single straight line indicating an
exponential decay with a single-time constant, 7.
This indicated that the thermal link to the bath
was the only factor which determined the time
constant. This means that the specific heat was
time independent on the time scale of our measure-
ments. A typical variation of 7, with temperature
is shown in Fig. 4.

The exponential decrease of the temperature rise
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FIG. 3. A typical time-temperature profile obtained
in specific-heat measurements. The lower curve shows
the single-time-constant behavior. G is the conduc-
tance of the carbon thermometer of equilibrium. Con-
ductance bridge is SHE Corp. Model PCB.

after the application of the heat pulse of duration

to and power Py is given by an expression of the

form!'?:

P T —t/r
AT(,):Tzc_O(eto/ 2_1)e t/7,

s

fort>>ty, (1)

when the addenda heat capacity is negligible (in
our case ~2% at 0.1 K, decreasing at higher tem-
perature), and also when the thermometer-to-
sample boundary resistance is smaller than the
sample-to-bath thermal resistance. In Eq. (1), C; is
the sample heat capacity, and 7, is the time con-
stant of the exponential decay given by R; C;,
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FIG. 4. A typical variation of sample-to-bath time
constant is 7, with temperature.

where R is the sample-to-bath thermal resistance.
If Eq. (1) is evaluated at a time ¢t =t,/2 [where

it actually does not describe the experimental

AT (1], we obtain

21,Py . )

. 2
27'2 ( )

AT():

S

Typically, 7, > 50 sec and ¢; < 1.4 sec, so
to <<27. Thus, Eq. (2) can be approximated as

ATo~Poty/C; . )

Thus by extrapolating the observed long-time tem-
perature profile back to the time t =¢,/2, as
shown in Fig. 3, and not to ¢t =0, as one might
perhaps assume, we can determine C; using Eq.
(3).

III. RESULTS

In Fig. 5 we show the specific heat C, of a dry
40/60 Ca(NO3),-KNOs glass. The low-tempera-
ture part (T <0.4 K) follows a power law of the
type C, =aT?, with b=1.33 and a=90 when C, is
expressed in the units erg/gK and T in K. For
T > 1.5 K, C, follows a T3 relation with a coeffi-
cient 120 erg/g K*. The Debye contribution to the
T3 specific heat has a coefficient 97.6 erg/g K*
determined from sound velocity measurements.’
The power-law variation of C, for T <0.4 K is

3
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FIG. 5. Specific heat of dry 40/60 nitrate glass.

typical for glasses. In Fig. 6 we show the specific
heat of KNO, and LiNO; doped nitrate glass
[40/60 Ca(NOs3),-KNOs]. As can be seen, there is
no change in the specific heat after doping with
5% 10% NO,~ ions/cm® and 6 10% Li*
ions/cm®. To investigate the extent to which the
specific heat is unchanged, we calculated

ACv . ( Cobs - Ccalc )
Cv Ccalc

(where C . =90X T'3), for the undoped nitrate
glass and also for the Li*-doped and NO, ™ -doped

nitrate glass. AC,/C, is plotted in Fig. 7, which
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FIG. 6. Specific heat of Li*- (circle) and NO, - (tri-
angle) doped 40/60 nitrate glass. The solid curve
represents the specific heat of undoped glass (see Fig. 5).
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FIG. 7. Deviation of specific heats of undoped and
of Li*-, NO,™-, and H,0O-doped (doped 1) nitrate
glasses from the best fit to undoped glass (C,=907"33),
See text.

shows the scatter in our data as a deviation from
the power-law fit. The specific heats of Li*- and
NO, " -doped glasses may be slightly lower than
those of undoped glass by about 2%, with no sys-
tematic difference between the specific heats of
Li*- and NO, ™ -doped glasses within the scatter of
the data. We do not attach any importance to this
2% difference. Firstly, the scatter in our data is of
the order of +2%, and secondly, the slight differ-
ence could well result from variations in the rela-
tive contribution of the addenda which had not
been subtracted. (The Lit*- and NO, ™ -doped sam-
ples had about 20% more mass than the undoped
glasses.) Rather, we believe that these three sets of
data serve as a test of the reproducibility of our
data.

In Fig. 8 we have plotted the specific heat of
water containing nitrate glasses, which we have la-
beled as doped 1 (with 1 10*' molecules/cm? or
1.6 wt. % water), doped 2 (2.5% 10*!
molecules/cm® or 3.4 wt. % water), and doped 3
(3.8 10*! molecules/cm?® or 5.4 wt. % water). As
can be seen, there is a distinct, though small,
change in specific heat.

Since the doped 1 sample has a specific heat
which is very close to that of the undoped glass,
we have also plotted in Fig. 7 the percentage devia-
tion of the specific heat, AC,/C,, from that of the
undoped glass. Thus, it can be seen that the
specific heat of sample 1 clearly exceeds that of
the water-free samples.

Previously,’ the specific-heat data below 1 K
were fitted to a relation of the type C,=C, T
+C;3T>. Lacking a proper theory, we have no a

priori reason to choose between the two forms of
fit; namely, the power-law or polynomial fits. Im-
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FIG. 8. Specific heats of water containing nitrate
glasses. Solid line: undoped. Solid circle: doped 1;
open circle: doped 2; triangles: doped 3. Data for
doped 4 is not shown for clarity. Refer to Table I for
details.

provement of the quality of our data has given us
the opportunity to resolve the issue at least experi-
mentally. In Fig. 9 we have plotted C, /T against
T?. At higher temperatures, straight lines can be
drawn through the data points, but at lower tem-
peratures significant deviations occur. In light of
this it seems that a power-law description of the
specific heat (T <0.4 K), as first suggested by Las-
jaunias® for B,Os3, may be the more appropriate
description. In Fig. 10 we have plotted the specific
heat of the undoped glass and of three doped sam-
ples after subtracting the Debye contribution, Cp,
calculated from the sound velocity measured for

TEMPERATURE (K)
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FIG. 9. Specific heats of undoped and doped glasses,
plotted to check validity of the relation C,=C;T
+C3T°. See text.
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FIG. 10. Excess specific heats of doped and undoped
glasses, obtained after subtracting Debye contribution
from the observed specific heats.

the water-free sample. The data for sample 4 have
been omitted for clarity. As can be seen,
(C,—Cp) < T" for all four glasses. All four
straight lines are nearly parallel and the values of n
for the individual straight lines do not show any
systematic variation. The average value of
n =1.156. (Subtracting the Debye contribution
only affects the higher-temperature data, and ex-
tends the straight-line fit in Fig. 10 beyond 0.4 K.
Hence, the expected variation of Cp resulting from
different speeds of sound in the water-doped sam-
ples is irrelevant at this point.)

In Fig. 11 we have plotted a.,.=(C,—Cp)/
T 158 against T for all the four glasses. The data
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FIG. 11. Power-law fits to the extra specific heats of
doped and undoped glasses.

for sample 4 have again been omitted for clarity.
As can be seen, a.,. is almost constant over a wide
temperature range (from 0.1 to 0.7 K). a. has
been taken as the measure of excess specific heat of
the glassy state. For convenience, the unit of @
is written as erg/g K2 It implies that if T is in K,
C,—Cp is in erg/g K. In Fig. 11, the arrows at
the left-hand ordinate give the average value of
Q. (the average has been taken up to 0.4 K) and
the bars give the standard deviation. The results
are summarized in Table I. Figure 12 shows the
scaling between a,. and the water concentration in
the nitrate glass. The quantity plotted is

Aa . =aeyc(doped) —a ., (undoped), i.e., the in-
crease of the specific heat caused by the water dop-
ing.

IV. DISCUSSION

The data shown in Fig. 12 immediately suggest
associating the increase of a.,,

Ay =ay.(doped) —a. . (undoped) , 4)

with some low-energy motional states of the water
molecules dissolved in the glass. In that case, the
total excess entropy

1
S= fo ‘]T[Cv(doped)—Cv(undoped)]dT (5)
should be equal to (assuming two-level states)

S =nkgln2, (6)

where n is the concentration of the water molecules
and kp is Boltzmann’s constant. 7" is the max-
imum temperature to which the excess specific
heat persists. In our experiments, it became unob-
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FIG. 12. Scaling of Aa,. with water concentration.
Al ey =0y (doped) —aey (undoped).
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TABLE 1. Glass transition temperatures, doping levels, and excess specific heat of doped and undoped nitrate
glasses.
40/60 Ca(NO;),-KNOs; nitrate glass
50/50
Water Water Water Water Lit NO,~ nitrate
Undoped doped 1 doped 2 doped 3 doped 4 doped doped glass

T (K) 337 310 295 284 288 338 337 358¢
Doping level L.1x10% 2.4 10 3.8 104 3.3x10%0  6X10%°  4.4x10%
molecules/cm?
Aexc” 63.3+1.0 67.4+1.0 75.7+1.0 83.3+1.0 80.0+1.0 b b 54+5¢

3Unit of @ex is such that Coe=C,—Cp is in ergg~ 'K~

®Same as undoped glass, see Figs. 6 and 7.
‘Determined by Williams and Angell, Ref. 11.
9Determined by Stephens, Ref. 5.

servable above approximately 0.7 K (see Fig. 8),
and we will use this as 7’. However, our conclu-
sions are qualitatively unchanged even if a higher
T’ ( < Tpeiting) is assumed.

As a representative case we consider sample 3.
From the experimentally observed S we obtain
n =2.5x% 10'7 states/cm?, which is 4 orders of
magnitude lower than the number of added mol-
ecules (3.8 10?! molecules/cm?). So we find that
although Aa.,. scales with the water concentration,
there is no one-to-one correspondence of the num-
ber of states estimated through S and the number
of dissolved water molecules. This is to be con-
trasted with the tunneling of atoms and molecules
in crystals,* where one has found such a correspon-
dence. In our case, at the most only one out of 10*
water molecules could be tunneling. For Li* and
NO, ™ this fraction would have to be much smaller
yet (although the T” is unknown).

When the dopant concentration in crystalline
systems reaches ~ 10'°—10% molecules/cm?, one
starts seeing the effect of impurity-impurity in-
teraction which gives rise to a T°/? specific heat
This concentration is much lower than the concen-
tration of doping used here, and yet we do not see
any change in temperature dependence. Another
example of tunneling in crystalline systems which
should be mentioned here is NaBr:F.'* This sys-
tem has a very broad (strain-induced) distribution
of tunneling states, much akin to the distribution
assumed in the tunneling model proposed for
glasses.>*> This system also shows a linear heat
capacity below 0.5 K, which satisfies Eq. (6) for
fluorine concentrations varying from 9 10'¢/cm?
to 5.5 10" /cm’.

13

Cexczaech"’ n~1.16.

These comparisons show that there exists a basic
difference between tunneling in doped crystals and
tunneling of dopants in glasses (if there is any).
On the other hand, the tunneling model has been
very successful in explaining many phenomena ob-
served in glasses. Hence one might postulate that
the dopants in glasses cannot form individual tun-
neling entities, but rather they attach themselves to
already existing two-level systems. With that pic-
ture one could understand the observed changes in
dielectric properties'® (if the dopants themselves
carry a dipole) but changes in other properties
would probably be small.

It is, conceivably, inappropriate to separate the
doped glass into a “host” and a “dopant.” When
one dopes a glass, the resulting material may prob-
ably be more appropriately described as a different
glass. Thus, the addition of foreign atoms may
cause changes in other important properties of the
glass. Such a change has actually been observed
and will be described next. A brief description of
the results has been published before.'® We have
found that the glass transition temperature in the
nitrate glasses decreases with increasing water con-
centration (see Table I). This is not uncommon in
many glass-forming systems.!” In addition, howev-
er, we discovered that a connection exists between
the glass transition temperature Tz and the excess
specific heat. In Fig. 13 we have plotted a.y
measured from low-temperature calorimetry
against 1/Tg for the undoped 40/60 nitrate glass
and the four water-doped glasses. In the same
graph we plotted one point which was obtained by
Stephens on a dry sample with a-different K:Ca
concentration.” The Tg for this composition has
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FIG. 13. Variation of @ee=(C,—Cp)/T"! in CaK-
nitrate glass with glass transition temperature 7.
Water-doped samples are the same symbols as in Fig. 8.

Open triangle: water-free sample. Inverted triangle:
doped 4. See Table I.

been determined by Angell and co-workers.'! In-

spection of Fig. 13 shows that a., is related to T
through a relation of the type

AQexe < Tg™ n=1. (7)

Note that the results obtained on the Li*- and
NO, " -doped samples, i.e., no change of a.,. and
no change of T, also agree with the relation ex-
pressed in Eq. (7).

In order to explore the generality of the connec-
tion between a.,. and T, we also investigated vi-
treous silica. In this system it is the fictive tem-
perature that can be changed by neutron irradia-
tion as well as by admixing other oxides. The fic-
tive temperature Ty can be thought of as the tem-
perature of the liquid whose disorder is the same
as the frozen-in disorder of the glass as revealed,
for instance, through mass-density fluctuation
measured through small-angle x-ray scattering.'®
Thus, Ty carries similar information as T and in
well annealed or slowly cooled glasses,
Te~T;.""* Figure 14 shows the specific heat of
silica, neutron-irradiated silica, and soda silica. A
summary of the data, including the fictive tem-
peratures for these glasses, is contained in Table II.
Figure 15 shows that a linear relationship of the
form of Eq. (7) also holds for these glasses when
T is replaced by Ty. We have plotted the data by
normalizing Ty with Ty, which we identified to be
1475 K, and which is the T; of the pure, unirradi-
ated silica. This way we removed the uncertainty
in determining the absolute values of 7, from the
intensity of small-angle x-ray scattering.

Measurements on B,0; glasses have provided at

T T T
L]

20| & SODA SILICA o 4
(STEPHENS) .

K
o
T

Cexc (erg g
[4 ]
o
-

Vi /,/ (ZELLER & POHL)
e NEUTRON
20 /;"':/" IRRADIATED
p SILICA
& (5 x 10" n/em?)

s/

/
1.0 1 1 1

0.l 0.2 05 10

TEMPERATURE (K)

FIG. 14. Excess specific heat (C,—Cp) of silica,
neutron-irradiated silica, and soda silica. See Table III.

least qualitative evidence for a relation of the form
of Eq. (7). It has been observed that the addition
of water to B,0; increases its specific heat,>® while
studies by Corsaro®!' on dry and wet B,0; glasses
have shown that the addition of water to B,O; de-
creases its T. Unfortunately, the amount of wa-
ter in the B,O; glasses used in these measurements
was not known, and therefore a quantitative com-
parison cannot be made at this time.

Encouraged by these observations, we tried to
explore whether a relationship of the form of Eq.
(7) holds generally for all glasses. In Fig. 16 we

TABLE II. Fictive temperatures and excess specific
heat of silica system.

Irradiated
Vitreous vitreous Soda
silica - silica silica
T a
£ 1 0.41 1.96
Iy
Cexe 20777 12.37116 328723
(ergg 'K~ b c

*Obtained from intensity of small angle x-ray scattering,
Ref. 18. T;y=1475 K =T of annealed silica.

°From R. C. Zeller and R. O. Pohl, Phys. Rev. B 4,
2029 (1971).

¢ R. B. Stephens, Phys. Rev. B 8, 2896 (1973).
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FIG. 15. Variation of a.,. for silica, neutron-
irradiated silica, and soda silica. For SiO, Ty=Ty,
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have plotted all the data available on various
glass-forming systems (see also Table III). It is at
once clear that a single relation of the form of Eq.
(7) does not hold. This complexity, however, is
probably to be expected since we are comparing
glasses of widely varying chemical composition
and nature. Nevertheless, we found before that for
glasses of similar chemical composition a relation
of the form of Eq. (7) holds. Polymers like poly-
styrene, polymethylmethacrylate, and lexan poly-
carbonate could possibly belong to one group of
glasses for which an expression of the form of Eq.
(7) also holds. If we leave aside the three glasses
Se, As,S3, and B,0; for the time being, which
show wide variations, for the remaining eight
glasses an expression @, < 4.8 10*/T may hold

1\ T I T
~ oNih'afe with water 7]
Nitrate @y PS
eQE PMMA
100+ —
v o Soda Silica
o Lexan
ok Se
3 a 0Si0z
S Ge0; \
aTg
A B20;
- VAs,S3 -
101 ] ] 1
200 500 1000 2000
Te (K)

FIG. 16. a., for various glasses and their glass tran-
sition temperatures. Specific-heat data (except that of
nitrate glasses) are from Ref. 5. See Table III. Note
that a.,. is expressed, in this figure only, per unit
volume. The line is a.,.=4.8X10*/T¢ (ergem =3 K1)

with variations +30% from the average, although
this may be an accident. Taking all the data in
Fig. 16 together, all we can say is that there ap-
pears to be a general trend that an increase in T
is associated with a decrease of the specific-heat
anomaly.

We will try to understand some of the implica-
tions of the observation that in glasses of similar
chemical composition a correlation exists between
the excess specific heat and the glass transition

TABLE III. Glass transition temperatures and excess specific heat of various glasses.

0.25 Na,O Lexan Nitrate with
SiO, GeO, 0.75 SiO," B,0; As,S; polycarbonate PMMA PS  Nitrate Se water
Te (K)?* 1475 853 753 525 500 423 374 355 337 300 284
Aorc® 4 45 79 26 22 76 120 130 133 60 175
e TG 6.5 3.9 6.0 14 1.1 3.2 4.5 4.6 4.5 1.8 4.97
(X107%

*Except for As,S3, lexan polycarbonate, and nitrate glasses, the rest of the glass transition temperatures have been ob-
tained from C. L. Reynolds, Jr., J. Non-Cryst. Solids 30, 371 (1979). T for As,S; was obtained from Ref. 7, for lexan
polycarbonate from M. Breitling and J. H. Magill, J. Appl. Phys. 45, 4167 (1974). For nitrate glasses we used our own
measurements (undoped and doped 3).

ba.,. is defined as @, T"=C,—Cp, n=1.2—1.3 for most glasses. C, is denoted in the unit of erg/cm3K. There is no
common basis for expressing the specific heats for glasses with wide variations in chemical nature. The choice of unit
volume as the basis may be arbitrary but it contains the least uncertainties and is obtained directly from experiment.
We refer to the following article for a discussion on this issue: C. A. Angell and W. Sichina, Ann. N. Y. Acad. Sci
279, 53 (1976).
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temperature. A simple way of looking at the prob-
lem is to consider Tz (or Ty) as the determining
factor for the energy scale of the problem. The
configurational states which show up as the low-
energy two-level states may be thought to be distri-
buted over an energy range whose upper limit is
determined by T;. In that case, if a fixed number
N of configurational states in a certain glass were
distributed in some form over this energy range,
the coefficient a.,. would be proportional to
(N/kgTg). In a given glass-forming system (simi-
lar to those we have considered) it may be assumed
that N is constant. In that case an inverse scaling
of a.,. with T can be understood. It may be said
that T; plays the same role for the excess specific
heat of a glass as that played by the Debye tem-
perature for the lattice specific heat of crystals.

An upper limit of the energy scale equal to
kpT¢ is an important ingredient of our picture. It
is interesting to note that a similar picture has been
proposed by Kastner and co-workers,?>?3 albeit in
a very different context. In studying photo-
luminescence in amorphous SiO,, Se, and As,S;
they noticed that the decrease in photolumines-
cence intensity (Ip; ) with increasing temperature
could be described with a universal curve if a re-
duced temperature scale, T /T, was used, i.e.,

~T/Tg

(8)

Ipy e

It is interesting to note that for neutron-irradiated
silica, Eq. (8) was found not to describe the experi-
mental data. However, as we discussed above, it is
not T, but Ty which measures the disorder in
neutron-irradiated silica. From the neutron fluence
used by Kastner et al. (~10'°/cm?) we estimate

a Ty=~1.5T for the irradiated silica, where T is
the glass transition temperature for the unirradiat-
ed silica.’® By using this value of Ty, rather than
T of unirradiated silica in Eq. (8) we found that
even for the neutron-irradiated silica, Eq. (8) de-
scribes the data well. This observation emphasizes
the importance of the disorder in determining the
temperature dependence of the photoluminescence
in glasses.

To explain Eq. (8), Kastner?® proposed a model
in which the nonradiative process rate v,, is
thought to arise from a thermally activated process
across a barrier of height A, i.e.,

—A/kgT
VYnr =V0€ >
where vy~ 10'* Hz. The temperature dependence
of Ipy can then be explained if a distribution of A
of the following form is assumed:

1 —A/KT,
. G

P—r_ 9
T ©)

g(A)

Equation (9) means that the energy scale of the
barrier-height distribution is determined by 7.
This is essentially the same conclusion as reached
by us, although from entirely different experi-
ments. It is still to be seen whether the photo-
luminescence centers can be associated with the
two-level systems seen in low-temperature thermal
or acoustic experiments, and what the possible con-
nection is between the barrier heights discussed by
Kastner and the energy splitting we are studying.
Nevertheless, these two different experiments point
to the fact that the energy scale over which dif-
ferent configurations in a glass are distributed is
determined by T (or Ty), i.e., by the frozen-in
disorder in the amorphous structure.

To get complete information on a.,., we need to
know N, the total number of frozen-in configura-
tions. For that we need a theory of glass transition
which also gives a way to estimate N. Recently,
Cohen and Grest**?° have proposed a free-volume
theory of glass transition, which answers some of
these questions. According to this theory, in a
glass there exists free volume which is frozen in, as
the liquid is cooled through Tz. This free volume
can be distributed without expenditure of energy.
Molecular diffusion takes place when accumulation
of free volume may lead to formation of ephemeral
voids of size v, required for molecular species. As
the glass is cooled, these ephemeral voids become
long-lived vacancies. According to this theory,
tunneling consists of the motion of a molecule
bounding the void, into the void. This is thought
of as the origin of TLS in glasses. The scale of the
tunneling barriers is set by the maximum curvature
of the free-energy surface, which is given by kT
itself. Thus the theory provides the first physical
picture for the connection between a.,. and T¢ re-
ported in this paper.
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