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Neutron irradiation of vitreous silica produces changes of the same relative magnitude in the low-
temperature excess specific heat C,,, the anomalous thermal conductivity k, and the anomalous temperature
dependence of ultrasonic velocity, Av/v. It is therefore likely that xk and Av/v are dominated by the
localized excitations responsible for the excess specific heat of vitreous silica. The tunneling-states model
with a single energy-dependent density of states adequately accounts for the measured C,,, k, and Av/v of
unirradiated vitreous silica. Changes in these properties with neutron irradiation can be explained using this

model by altering only the density of tunneling states.

I. INTRODUCTION

The low-temperature properties of amorphous
materials are distinct from those of crystalline
dielectrics and are remarkably independent of
the detailed atomic composition of the materials.
For temperatures Ts 1 K, the specific heat is
much larger than the T° Debye term contributed
by phonons.' This excess specific heat, which
varies roughly as T, arises from a broad spec-
trum of localized low-energy excitations.? Pre-
sumably these excitations are intrinsic to the
amorphous structure.

The theoretical problem is to provide a de-
scription of the localized excitations. Several
models have been suggested to explain the excess
specific heat.®® The difficulty lies in explaining
how a localized vibration can have an extremely
broad range of resonant frequencies, =10°-10'2
Hz, with the motion localized'® to a region of di-
ameter < 20 A. The model that is most success-
ful envisions the localized excitations to be as-
sociated with the quantum-mechanical tunneling
of some entity between two configurations of nearly
equal potential energy.'*'** This model will be
discussed in greater detail in Sec. IL

The thermal conductivities of glassy materials
vary roughly as T2 below =1 K and have a region
of weaker temperature dependence (a “plateau”)
near 10 K. Heat is transported by acoustical
thermal phonons? which are scattered strongly by
some mechanism characteristic of all amorphous
systems. The tunneling-states model can account
for the observed T? temperature dependence, al-
though it has been argued that scattering mechan-
isms other than localized excitations should be
present in a noncrystalline dielectric. %813 20
Phonon scattering has also been studied using
ultrasonic measurements. Only the tunneling-
states theory has, thus far, been applied to the
saturation (reduction) in attenuation with increased
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acoustical intensity®! and the occurrence of phase
coherence as observed in phonon echoes.??

Thus, the tunneling-states model for the local-
ized excitations can explain qualitatively the variety
of unusual low-temperature properties found in
amorphous materials, even though a physical
description of the tunneling entity is not available
for any material. A quantitative comparison be-
tween this theory and experiment is hampered by
a lack of empirical information. For example, it
is not known what fraction of phonon scattering in
thermal transport is caused by localized excita-
tions and what fraction by other mechanisms.
Further, for that scattering caused by localized
excitations, there is some question as to what
fraction of the total spectrum of excitations is
involved, since only those having a relatively
short relaxation time should contribute strongly
to phonon scattering. Hence, various subsets of
localized excitations may be involved in different
physical properties. The purpose of the work
reported here is to provide some of this informa-
tion.

It was expected from earlier work that neutron
irradiation of vitreous silica would reduce the
number of localized excitations in such a manner
that the amorphous nature of the silica would not
be lost.?*"% The earlier work showed that irradia-
tion increased the thermal conductivity® and
decreased the specific heat® at low temperatures.
We have therefore made systematic measurements
of specific heat, thermal conductivity, and ultra-
sonic velocity on both neutron-irradiated and un-
irradiated samples cut from a single piece of
vitreous silica. The experimental techniques used
are described in Sec. IIL

The results, discussed in detail in Sec. IV,
suggest that the low-temperature properties of un-
irradiated vitreous silica can be explained ade-
quately by localized excitations alone. Moreover,
the changes due to neutron irradiation in specific
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heat, thermal conductivity, and ultrasonic velocity
appear to have a common origin, namely, a change
in the density of localized excitations. In compar-
ing our results with the tunneling-states model, we
find good agreement using a single energy-depen-
dent density of states to explain all properties.
This is true not only in the range Ts1 K, for
which the model was developed, but also at higher
temperatures. However, we do not intend to imply
that the tunneling -states model provides a unique
explanation for the localized excitations.

II. TUNNELING-STATES MODEL

The tunneling-states model is discussed ex-
tensively in the existing literature, !?12:21128,29
We therefore present here only a general outline
of the theory plus those details and extensions
pertinent to the ensuing discussion.

The tunneling -states model envisions that some
units of the glass reside in double-well potentials
as shown schematically by the inset in Fig. 1. The
weak overlap of the ground-state wave functions in
the two individual minima, plus the asymmetry €
between these minima, give rise to a small energy
splitting E between the ground state and the first
excited state of the combined system. The split-
tingis givenby E =(a%+€?)'/2 where the overlap
energy A varies with the well separation 2d, the
height V of the potential energy barrier, and the
mass m of the tunneling unit.

In principle, one could obtain a density of tunnel-
ing states®® P(e,)) in terms of the double-well
parameters € and A, [The parameter X =(2m V)*/?
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FIG. 1. Thermal conductivity of vitreous silica. A—
neutron irradiated, 10 day; A—neutron irradiated,
30 day; O—unirradiated; hexagon, —unirradiated, Ref.
48. The solid lines are calculated from the tunneling-
states model. The inset shows the form of the potential
well used in this model. ‘

d/% is proportional to InA.] Experimentally, how-
ever, the density P(E,T) is more accessible,
where 7 is the relaxation time of a tunneling state
of energy E. It has been suggested® that 7 arises
primarily through a modulation 8¢ in the asym-
metry € by the strain e of a passing acoustical
phonon. Assuming the coupling parameter = 6¢/2e
is essentially independent® of E, then®®

- 2)/2)
Tz —
Zi:(pvz

where p is the mass density, v is the acoustical-
phonon velocity, and the summation is over the
three acoustical-phonon modes. In the past, it
has generally been assumed for convenience that
P(€,1) is a constant independent of € and A. In
the present paper, however, we shall allow P(€,))
= P(E), which has at most only a weak dependence
on 7. Then,*

P(E,7)=(2T) (1 -7, /7)™ 2P(E), (2)

where T,;, =(A/E)T is the shortest relaxation
time that occurs in the sample for states of energy
E

Several physical properties are now calculated.
The specific heat is given by

(4n7*09)" 8% E coth(E/2kT), (1)
i

E max|
Co=)  dE E*4RT* coshi(E/2kT)]™

0

xffmax dr P(E, 7) (3)

min

E max
= f dE E?[4kT? cosh®(E/2kT)] ™ P(E)n (E) ,
0

4
where n(E) represents? the quantity zIn(47,_,,/
T.i2)- Note that the time scale ¢ of the experiment
determines 7, if the distribution over 7 extends
to that time scale. If P(E)is a constant P,

Cop = (272 E)P, T. (5)

In this approximation, the specific heat is essen-
tially linear in T since n,=n(E=2.4kT) is only
slightly temperature dependent. The magnitude of
C,, may depend on the time scale of the heat-
capacity measurement through 7,.

The phonon thermal conductivity ¥ may be ob-
tained from

1 ®§,max
K= §Z{:/(; : dw C; (w)v;l; (w), (6)

where C(w) is the contribution to the phonon spec-
ific heat of phonons having angular frequency w
and mean free path 7. If phonons are indeed scat-
tered by tunneling states, the model provides two
contributions to /(w): a resonant scattering pro-
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cess and a relaxation process. The resonant
process occurs when a phonon of frequency w is
absorbed by a state of energy E=7w and later
reradiated in a different direction,+*%21+28

- / 292 s E
i =(ZY) T Etanh (ce
Fiyres (pv2 ); ohw, ©tamh (2kT)

x f, mex (%) 2P(E, 7) (7

min
=(2y*/pv?); (n/2%v;)Etanh(E/2kT)P(E).  (8)

Note that n(E) is missing from this expression.
The integral over 7 has selected the fraction of
states with short relaxation times as the most
important scatterers. The relaxation process in-
volves all energies E 2

- 2y? - fEmu E )
1 [ &r 1 2
li.rel = ( pvz >t (4kTU¢ ) . dE P(E) sech (—-—ZkT
% J‘ "'maxdT (1 = Tmin/ 7)Y %03
T,

2.2
oin 1 +w?7?)

(9

With P(E) = P, and in the high-frequency limit
(w75, > 1), Eq. (9) may be integrated,

= (22) o S(22) ()5, o

2y

pv®
The mean free path to be substituted into the ther-
‘mal conductivity integral, Eq. (6), is then [,
=1 res+ litre)™. For temperatures T 1K, the
resonant term tends to dominate. If P(E)=P,,
the resulting temperature dependence at low tem-
peratures is simply k< T2,

Ultrasonic attenuation is given by 17*=173} .
+1; 1 Provided the acoustical intensity is suf-
ficiently small. Otherwise, states resonant with
the applied frequency w, become equally populated
and the term 1%, goes to zero.'*?*» The vari-
ation Av; of ultrasonic phonon velocity with changes
in temperature can be obtained® from the attenua-
tion using the Kramers-Kronig relation,

(80/v) ;= [0(T) —v; (To)]/v:(Ty) (11)
=<%L> jo“"hma.x doo(w? — 7)™
X [li-l(T’w) _l-i‘l(me)] ’ (12)

where T, is a fiducial temperature. This result
applies to large acoustical intensities® and is
therefore readily measured.

For a density of states independent of E, we
have noted that, essentially, Co T and ko T2,
These are nearly, but not exactly, the temperature
dependences observed experimentally, and an en-

ergy-dependent P(E) was suggested® to account for
the differences. The same situation exists for
acoustical and Brillouin scattering measure«~
ments.* % Therefore, anticipating the discussion
presented in Sec. IV, we assume a form of P(E,7)
such that

P, (E/ETy)"™+P,(E/kTy)" for E<E_,

(13)

(E)P(E) = 0 for E>E_, .

(14)
The energy E has been normalized by dividing by
kT, where Ty=1K. The coefficients P, and P,
are constants, and » and » are roughly 0.3 and
3, respectively, for fused silica. This certainly
is not a unique representation of P(E), but it does
provide reasonable agreement with the experi-
mental measurements while still being mathemat-
ically convenient. The specific heat, for example,
takes on the form

Cx =K*P,I(3+m)Z(2+m)T**™
+E*P, T(3+n)Z(2+n)T**" (15)

where Z(x)=1-2"% +3™ 4™ ..,

It has been suggested® that some tunneling states
may be associated with impurities since the pres-
ence of OH™ in vitreous silica apparently alters
C. and k. A factor of 200 increase in OH" content
is accompanied by an increase® in C,, by a factor
of 1.5. It has not been established whether the
changes arise through the introduction of new lo-
calized states by the OH", through the influence of
OH" on preexisting states, or through different
thermal histories of the glasses having different
OH" levels. Whatever the cause, the densities of
states of all glasses, pure and impure, show both
a broad distribution in £ and an apparent distribu-
tion®” in 7. Since all of our work is on the same
vitreous silica, we will represent all the states by
a single density of states P(E, T):

P(E9 T)= P(E’ T)vure +P(E’ T)impuritles . (16)

Obviously, other samples may possess entirely
different P(E, T) depending on their composition
and history.

Recently, it has also been suggested® that there
are “anomalous” tunneling states in vitreous silica
which contribute only to C,,. Analysis of our data
does not require this assumption (see Appendix).
Occasional reference is made® to the fraction
of states which strongly scatter phonons. This
has already been included here as the factor n™
[see Egs. (4) and (8)].

Thus far, the theoretical development has been
mostly phenomenological. A complete micro-
scopic theory would provide P(E, 7) from the de-
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tailed atomic configurations intrinsic to amorphous'
materials. On the other hand, a density of states
that can quantitatively account for all experimental
data would provide a target for microscopic theo-
ries. Hence, it is important to determine if the

" tunneling model can provide an appropriate P(E, 7).

III. EXPERIMENTS AND RESULTS

All amorphous sytems appear to be similar in
their low-temperature properties. However, the
exact magnitudes and temperature dependences of
these properties differ between different classes of
amorphous materials, and even between different
samples of the same material such as vitreous
silica. Hence, in attempting to compare experi-
mental data with the tunneling-states model or
other theory, it is important that all measure-
ments be made on the same specimen.

Our plan was, first, to test the tunneling-states
model by asking whether a single density of states
P(E, 7) would be consistent with the data from mea-
surements on several different properties of the
same sample. We would then, as a second step,
alter the number of localized excitations and see
if the tunneling-states model would continue to be
consistent with the new sets of experimental data.

Vitreous silica was selected since there was
evidence that neutron irradiation would reduce the
number of localized excitations (see Sec. I). It
should be noted that this reduction is not due to
crystallization of the silica within regions of
“thermal spikes” caused by the incident neutrons,
since mild heat treatment at = 900 °C returns the
mass density, thermal conductivity,?® and acous-
tical properties*’ to those values measured prior
to irradiation. In addition, if only crystallization

were occuring, the observed changes in mass den-
sity and specific heat with irradiation would re-
quire that the crystallized material comprise about
30% of the sample. This is not consistent with
x-ray studies.?* In fact, the short-range order in
Vitreous silica is decreased on irradiation.?**
Hence, neutron irradiation appears to alter the
density of localized excitations through a modifi-
cation in the amorphous structure.

The samples of vitreous silica, cut from a single
piece®® of Spectrosil-B, had dimensions of 5X 1
X 0.3 cm. These samples were divided into three
groups. One group was not irradiated, the sec-
ond was irradiated with an integrated neutron flux
of 1.7x10' ¢m™ above 0.1 MeV (10-day samples),
and the third group was irradiated with an inte-
grated flux of 5 X 10'° cm™2 above 0.1 MeV (30-
day samples). During irradiation the samples
were wrapped with aluminum foil and placed in
air-cooled aluminum canisters as required by the
reactor facility. Thus, the samples were not in
direct thermal contact with the reactor coolant
and certainly were elevated in temperature above
their environment. This probably accounts for the
fact that both the 10- and 30-day samples had the
same mass density (Table I) and thermal proper-
ties (reported below). However, it has been sug-
gested that factors in addition to irradiation tem-
perature may be responsible for the observed
saturation density.*® Briefly, both groups of ir-
radiated samples attained an equilibrium situa-

“tion at an elevated temperature in a time interval

less than 10 days. It should be noted that the ir-
radiated samples were strained as evidenced by
optical birefringence. It is known, however, that
strain does not alter the thermal conductivity**
or specific heat.** The irradiated samples also

TABLE I, Summary of parameters for vitreous silica either measured directly or deduced
from the measurements reported in this paper. All parameters are defined in the text.

Parameter Units Unirradiated samples Irradiated samples

o g/cm?- 2.20 2.24

v, cm/sec 5.81x10° 6.04x 10°

v, cm/sec 3.73x10° 3.73x10°

t sec 5 5

7w 1/R)max K 330 330

#we/R)max K 60 60

I max cm 3 3

1 min cm 1.5 x1077 1.5 x1077

Y eV 1.17 1.17
P, erg”lcem™? 1.04x10% 6.9 x10%2

m oo 0.35 0.33

P, erglcm™? 9.8 x10% 2.6 x10%

n e 3.3 3.3

Emax /k K 38 53




17 EFFECT OF NEUTRON IRRADIATION ON THE DENSITY OF... 5001

exhibited a faint bluish coloration.

Following irradiation, the samples were etched
to remove radioactive contamination from the
surfaces and then allowed to “cool” for one year to
further reduce the level of radioactivity present.
The self-heating of the 30-day samples after one
year was measured to be = 10™° W/cm®.

Infrared absorption measurements were made
to determine the relative OH™ concentration in the
three groups of samples, since OH"~ was the most
abundant impurity at = 1000 ppm. We found that
neutron irradiation caused no change in the OH"
infrared band at 2.73 um. This result conflicts
with the increase in the 2.73-um absorption with
irradiation observed in earlier measurements by
Primak et al.*®* The conflict might be explained
if their samples were immersed in the cooling
water of the reactor.

A series of measurements were made on each
sample. First, the low-temperature (T's 2 K)
thermal conductivity was measured using the en-
tire sample. Then a section 1X1X 0.3 cm was
cutoff for use in high-temperature (T2 2 K) ther-
mal conductivity measurements. This kept the
thermal time constant of the sample at a reason-
able value. Finally, a section 0.3X0.5X1.5 cm
was removed for use in specific heat and velocity
of sound measurements.

The low-temperature thermal conductivity was
measured using a two-thermometer technique
wherein one end of the sample is heated, the other
end is heat sunk, and the resulting temperature
gradient is measured by two precalibrated Ge
resistance thermometers. Thermometers could
not be calibrated ixn situ because of the “back-
ground” temperature gradient created by residual
heating from radioactive decay. In the high-tem-
perature measurements, one square face of the
sample was bonded to a copper plate maintained at
a constant temperature, while a second copper
plate containing an electrical heater and Ge ther-
mometer was bonded to the opposite face. One
measurement was made at 300 K on the unirrad-
iated glass sample using a commercial thermal
comparator.?’

The thermal-conductivity data are presented in
Fig. 1. The uncertainty in the kK measurements is
< 3%. For the unirradiated samples, both the low-
and high-temperature data are in good agreement
with previous measurements.'*3**® Data for sim-
ilar (synthetic) silica glasses measured by
Damon®® are included in Fig. 1 for comparison.
Below T=1 K the data are well represented by
the empirical relations (in units of W/cm K)

k=(1.6120.05) X 107 4T81% 005 (17

for the unirradiated samples and

k=(2.6120.10) X 10™4T+880:05 (18)

for the 10- and 30-day samples.

The heat-capacity measurements in the region
0.1-1 K were made using a calibrated calorimeter
described previously.*® The time span of the ex-
periment was =5 sec. Due to possible drift in
the platform calibration, the measurements were
repeated in different low-temperature runs and
found to be reproducible within the experimental
uncertainty. In the region 0.4< T'<4 K, the heat
capacity was measured by a standard weak-
thermal-link technique in which an uncalibrated
thermometer and Pt-W alloy heater were glued
directly to the sample. The heat capacity was
calculated from the magnitude of the temperature
pulse produced when a known heat pulse was ap-
plied. Also in the region 0.4< T'<4 K, the heat
capacity was calculated from the measured dif-
fusivity and thermal conductivity. In the regions
where all three methods weré employed, the data
agreed to within the experimental uncertainty. It
should be noted that the radioactive self heating of
the samples prevented utilization of the weak-
thermal-link technique or the diffusivity technique
below 0.4 K.

Some of the specific-heat data are plotted in Fig.
2 as C/T®, allowing the high-temperature be-
havior to be studied more easily. The uncertainty
in the specific-heat data is estimated to be 10%.
Data for the unirradiated samples are in good
agreement with earlier measurements.3* Below
=0.6 K the data are well represented by the empir-

C/T3(erg/K*cmd)

lo‘l I Lol . | L

FIG. 2. Specific heat of vitreous silica divided by the
cubeof the temperature. A—neutron irradiated, 10-
day; O—unirradiated. The 30-day data have been omitted
for clarity. The solid lines are calculated from the
tunneling-states model. Also shown are the specific
heat of crystalline quartz (dotted line) and cristobalite
(dashed line) from Ref. 52. The arrow indicates the
calculated phonon contribution to the specific heat of
vitreous silica [Eq. (21)].
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FIG. 3. Variation of the transverse acoustic velocity
with temperature in vitreous silica at 5x107 Hz. A—
neutron irradiated, 10-day; A—neutron irradiated,
30-day; O—unirradiated. The lines were calculated
from the tunneling-states model: solid for unirradiated
and broken for irradiated. The calculated velocity
variations have been normalized to 0 and 10™° at 1 K for
the unirradiated and irradiated samples, respectively.

ical relations (in units of erg/cm®K)>°°

C=(46.0+2.3) 3% 0.05 (19)
for the unirradiated samples and
C=(39.5+3.8) T4+ 012 (20)

for 10- and 30-day samples.

Measurements of the variation of acoustical
velocity with changes in temperature were mea-
sured using a pulse-echo overlap technique.™
The measuring frequency was 5% 107 Hz for both
the transverse and longitudinal modes of propa-

gation. The results are presented in Figs. 3 and 4.

Data from the unirradiated samples agree with .
earlier measurements®** to an experimental un-
certainty of 5%.

I Yo 0
T(K)

FIG. 4. Variation of the longitudinal acoustical

velocity with temperature in vitreous silica at 5x107 Hz.

Notation is the same as Fig. 3. The lowest temperature
data for the 30-day sample (A) are in error due to heat-
ing of the sample by radioactive decay. This was
avoided in later runs by improved thermal contact to
the sample.
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IV. DISCUSSION

First, we look at the data in a qualitative manner
without recourse to theory. We do assume, based
on experimental evidence,? that heat is transported
primarily by phonons in the temperature range
0.1-100 K and that the excess specific heat arises
from localized excitations.

The excess specific heat C,, is obtained from the
measured specific heat by subtracting the Debye
phonon contribution C,, ,

Cpn =4.1X 10T D 07° (21)
1
in units of erg cm™ K™, In the temperature range
0.1- 1 K, the decrease in C,, between neutron-ir-
radiated (I) and unirradiated (U) samples is given
by the ratio

C o (1)/Cy (U)=0.7320.11,

which would indicate roughly a 30% reduction in
the number of localized excitations. This may be
compared with the corresponding increase upon
irradiation in the thermal conductivity below 1 K,

k(U)/k(I)=0.62+0.06, (23)

and a reduction, below 1 K, in the temperature de-
pendences of the transverse ultrasonic velocity,

(22)

[av(I)/v]/[6v(U)/v]=0.61£0.06, (24)
and the longitudinal ultrasonic velocity,
[av(1)/v]/[ 60(U) /] =0.68+0.07. (25)

The most simple interpretation of the results
presented in Eqgs. (22)—(25) is that each change
below 1 K has been caused by the same = 35%
reduction in the density of localized excitations.
This strongly suggests that no mechanism3+13:17-20
is required to explain the 72 dependence of the
phonon thermal conductivity other than scattering
from the localized excitations responsible for C,.

Above 1 K, the specific heat also decreases with
neutron irradiation (Fig. 2 and Ref. 27). Dis-
cussion of this effect, however, is complicated by
an uncertainty in the phonon contribution. Crystal-
line materials show strong deviations from 73
Debye behavior above 1 K. The specific heats of
quartz and crystobalite®® are shown in Fig. 2 as
examples. If a similar dispersion-enhanced spe-
cific heat ispresent in glasses, as is possibly
the case,®® the phonon contribution to the mea-
sured specific heat would be unknown and C,,
could not be extracted.

The plateau in the thermal conductivity above 1K
(Fig. 1) is caused'? by a highly frequency-dependent
mean free path I(w) for w2 10'? sec™. The phonon
scattering causing this plateau is often as-
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cribed™ 1™ 18:2° tg 3 Rayleigh process
Uw)=A"1p™, (26)

arising from fluctuations in mass density and
elastic constants. As a result of this highly fre-
quency-dependent scattering, an inordinately
large proportion of the thermal transport at

10 K is provided by phonons having wavelengths
long® compared to those characteristic of a tem-
perature of 10 K. If neutron irradiation left A

in Eq. (26) unchanged, the increased mean free
path of the long-wavelength phonons alone would
only provide an increase of a factor of 1.6 in «
in the plateau region, just as for T'< 1 K [Eq.
(23)]. The observed increase is a factor of 2.5,
however, implying that A and hénce the related
phonon scattering must decrease by a factor of
~1.6 uponirradiation. The decrease in A does not
appear to be consistent with experimental data,
since atomic disorder®* and density fluctuations®®
are reported to increase with irradiation. We will
thus assume in later calculations that the highly
frequency -dependent mean free path causing the
plateau is related to the localized excitations®*
rather than a Rayleigh process.

Neutron irradiation reduces the temperature
dependences of the ultrasonic velocities above 1 K
(Figs. 3 and 4). However, the narrow experi-
mental temperature range precludes a more defin-
itive discussion.

Our qualitative analysis of the data has indicated
that the localized excitations observed in the spe-
cific heat are also responsible for the anomalous .
thermal conductivity of vitreous silica at temper-
atures up to =10 K and the temperature dependence
of the ultrasonic velocities at least for tempera-
tures below = 1 K.

We next compare the experimental data quanti-
tatively with the equations derived from the tunnel-
ing-states model in Sec. II. This involves ob-
taining a density of states P(E) and other param-
eters consistent with all of our measurements on
the unirradiated glass. We then change only P(E)
in the model to account for data from the neutron-
irradiated samples.

There are first a number of parameters to be
discussed that are either well determined experi-
mentally or are not used as adjustable fitting
parameters. The mass density p and the trans-
verse and longitudinal phononvelocities, v, and v, ,
were measured on our samples to 2%. The quan-
tity n(E) is not a| separate parameter but is uni-
quely determined by other parameters [Eq. (4)].
The time scale ¢ of the specific-heat experiment
enters the quantity 1(E) only logarithmically and
thus is adequately determined. (See the Appendix

for a detailed discussion of time scales, 7.,

‘and [

and C,,.)

The upper limits w; ... (Eq. 6) on the three-
phonon spectra are taken to be those of crysto-
balite, since this appears to be the best approxi-
mation presently available.>® The total mean free
path 7, for the thermal conductivity integral [Eq.
(6)] has the form

Li=lpnm + (l‘:ax + l-il,res

+ l;}re 1 )-l ’ (27)

where [;, ., and [;, ., are from Eqgs. (8) and (9).
The term [_,, is taken to be roughly the length of
the sample and serves only to permit integration
from w=0. It effects k most strongly at low tem-
peratures, but then only by = 1% at 0.1 K.

Finally, the normalized phonon-coupling param-
eters (2y*/pv?),; in Egs. (1), (8), and (9) are as-
sumed to have the same value® for both longitud-
inal and transverse waves. This assumption is
justified because the measured (av/ U)¢ are the
same for the two modes and, as can be seen from
Eqgs. (8) and (12), any difference between the (Av/
v); curves for the two modes at low temperatures
should arise from the normalized coupling param-
eters (2v%/pv?®);. The values of the fixed param-
eters p, v;, t, W nax, and ] are given in Table
L

Seven parameters (P,, m, P,, n, E_ ., 7;, and
1.12) are considered to be variable inthe fitting pro-
cedure. The term [, in Eq. (27) is the shortest
conceivable mean free path for phonons, of the
order of a few angstroms, as discussed by Kittel.?
1t effects only « and only above 10 K. (Changing the
estimates for w; ,,, would merely require a cor-
responding change in [_, tokeepthe same kbetween
10 and 100 K.)

Ideally, the five parameters involved in the den-
sity of states [Eq. (13)] would be determined by
the specific heat only. Then 7, and [ ;, would be
determined by the low- and high-temperature ther-
mal conductivities, respectively. Uncertainties in
the magnitude of C,, at high temperatures, how-
ever, make necessary a different fitting procedure.
Two parameters, P, and m, and the value of
the normalized coupling constant (2y2/pv?) are
adjusted to give the magnitudes and temperature
dependences of both the specific heat and thermal
conductivity below 1 K. (Note that the three ad-
justable parameters are overdetermined by the
four measured parameters.) Then P,, n, E

max

min

max?
min are adjusted to give agreement with the

thermal conductivity at higher temperatures. The
values of the adjusted parameters are listed for
the unirradiated glass in the lower half of Table
L

The results of the fitting to the thermal-con-
ducitivity data for the unirradiated samples is
shown as the solid line in Fig. 1. The calculated
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phonon contribution to the specific heat [Eq. (21)]
plus that calculated for the tunneling states [Eq.
(15)] is shown in Fig. 2 for the unirradiated glass.
The only major discrepancy between the calcula-
tions and the data occurs in the specific heat above
1 K. However, this may be due to phonons of high
dispersion, as in crystobalite, as discussed above.
Since the size of this effect is undetermined, the
density of states at large energies cannot be de-
duced from the specific heat.

The tunneling-states model thus can provide good
agreement with the measured specific heat from
0.1 to 1-2 K, and with the measured thermal con-
ducitivity from 0.1 to 300 K. Note again that only
those states appearing explicitly in Eq. (13) are
required to explain the data— no additional or
special excitations need to be introduced. As a
test of the model, the adjusted parameters are
left fixed in the calculation of the temperature de-
pendences of the transverse and longitudinal ultra-
sonic velocities. The results are shown in Figs.

3 and 4 as the solid curves. The agreement with
data is excellent below 1 K. Above 1 K, the cal-
culation provides an especidlly sensitive test of
the fitting parameters, since the resonant and
relaxation contributions to Av/v have opposite sign
and are in strong competition. The discrepancy
between calculation and data above 1 K would be
removed by a 15% decrease in the relaxation con-
tribution. There is no parameter available, how-
ever, to adjust the relative magnitudes of the re-
laxation and resonant contributions under our as-
sumptions for the tunneling-states model.>®

As a further test, the data for the neutron-irra-
diated glass are fitted by changing only the param-
eters found in the density of states P(E). The
results, shown in Figs. 1-4, have the same quality
of agreement to the data as for the unirradiated
glass. The required values of the changed param-
eters are listed near the bottom of Table I. Note
that, effectively, only three parameters, E ., P, ,
P,, are changed to produce the measured differ-
ence between the irradiated and unirradiated sam-
ples.

In order to facilitate comparison between our
fit and the experimental data, the decrease AW
in the thermal resistivity W=«™ caused by neu-
tron irradiation is shown in Fig. 5, normalized to
the value of W for the unirradiated sample. The
solid line is calculated using the difference be-
tween P(E) for the irradiated and for the unir-
radiated glass (Table I).

One final test of the model can be made by com-
paring our deduced values for phonon mean free
paths with measurements reported in the literature
for similar glasses. Figure 6 shows, at five
temperatures, the longitudinal phonon mean free

06

FIG. 5. Reduction AW in thermal resistivity W of
vitreous silica caused by neutron irradiation. The
squares represent the experimental results obtained
from smooth curves drawn through the thermal con-
ductivity data. The solid line is the calculated reduc-
tion in thermal resistivity based on the two densities of
states discussed in the text.

paths calculated using Egs. (8), (9), and (27), and
parameters for unirradiated glass as given in
Table I. Also shown at low frequencies are di-
rect ultrasonic determinations3*°™%° of [ and, at
7Zw/k>1, data derived from Brillouin scattering
experiments.®'5%%! Agreement with the calculated
values is good in light of the strong dependence on
both frequency and temperature. However, at

10 K and above, the calculated mean free paths
are probably only approximations to the actual
mean free paths which, when averaged over w,
produce the correct thermal conductivity. Phonon
scattering processes other than 7 and I, need
to be considered,’ and the abrupt cutoff in P(E)
assumed to occur at E_,, is unphysical.

The values of the parameters used in the density
of states are reasonable. For example, if the
tunneling entity were an oxygen atom tunneling
through distances of 2d=0.1-1.0 A and barriers
of height V=0.1-0.6 eV (Fig. 1), there would be
states with energies as large as E_, ~50 K. Also,
the total number of states N with relaxation times
less then 5 sec,

Emax
N= fo n(E) P(E) dE , (28)

is ® 2x10%°/cm?, or 0.1% of the oxygen atoms, for
both the irradiated and unirradiated samples.
Finally, the phonon coupling parameter v,
has been measured independently of other param-
eters in a phonon echo experiment,?® but for a dif-
ferent glass and with a large uncertainty. The
phonon echo experiment gave y,=1.6 eV as com-
pared to our fitted value of 1.17 eV.%? Additional
discussion on limiting values for ¥ may be found in
the Appendix.
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FIG. 6. Longitudinal phonon mean free paths used in fitting the thermal conductivity and ultrasonic velocity data for
unirradiated vitreous silica vs phonon frequency at several temperatures. Dashed line, lpe [Eq. (8)]; dotted line, Ipe;
[Eq. (9)]; solid line, totall [Eq. (27)]. The data points are measured ! values as described in the text: ®, I (Ref. 39);
A, lres (Ref. 58); A, (ras+1)™' Ref. 58); O, 1o Ref. 57): O, Lo (Ref. 59); V, I (Refs. 35, 60, and 61). The arrows
indicate the frequencies of maximum phonon contribution to the specific heat at each temperature (i.e., the “dominant”

phonons).

V. SUMMARY

Neutron irradiation of vitreous silica produces
changes of the same relative magnitude in the low-
temperature excess specific heat C,,, the anomal-
ous thermal conductivity k¥, and the anomalous
temperature dependence of ultrasonic velocity
Av/v. It is therefore likely that k and Av/v are
dominated by the localized excitations responsible
for the excess specific heat of amorphous ma-
terials.

The tunneling -states model can quantitatively ac-
count for the measured C,,, ¥, and Av/v of un-
irradiated vitreous silica using an energy-de-
pendent density of states. Noadditional “impurity”
or “anomalous” states are required nor are other
phonon-scattering mechanisms needed. This is
true for k even above the temperatures for which
the model was designed. In addition, the changes
in C,,, ¥, and Av/v upon neutron irradiation are
explained by altering only the density of tunneling
states. The simplifying assumptions used in the
density of states and in the model need to be in-
vestigated further. Also, these results may not
extrapolate to other types of amorphous materials
or, perhaps, even to other types of vitreous silica.

In conclusion, it should be noted that this ex-
periment was not undertaken with the defense of
the tunneling-states model in mind. Rather,

it was meant as a further test of the model, i.e.,
as another set of experimental measurements
which must be accounted for by any model de-
signed to explain the properties of amorphous
materials.
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APPENDIX

One of the early predictions of the tunneling-
states model was that the measured specific heat
should vary logarithmically with the time scale
of the experiment'® [Eq. (4)]. However, this de-
pends on the implicit assumption that there are
double-well potentials for which the relaxation time
7 is longer than the experimental time scale. It
is conceivable that there are glasses with con-
straints on the parameter X (and thus on A and
Tnax) Such that the distribution in 7 is not tens of
orders of magnitude broad. Yet even a restricted
distribution in 7 should show a measurable time-
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TABLE II. Decrease AC in specific heat measured on
a time scale of 5x10”° sec relative to a specific heat C
measured on a 5-sec time scale, divided by C, at low
temperatures for several values of 7,,. Parameter v,
=1.17 eV,

T max (S€C) AC/C (1K) (%) AC/C (0.1 K) (%)

=5 35 65
5x10°1 31 60
5x1072 26 53
5x1073 19 43
5x1074 11 28
5x10°% 0 0

dependent specific heat if the shortest time-scale
experiment is faster than 7, .

For example, Table II shows, for several values
of 7 ..., the percentage decrease AC/C expected
for an experiment having a time scale of 5% 107
sec, compared to the 5-sec time scale experi-
ments on our glass. For temperatures =1 K, the
increasing importance of the thermal phonon con-
tribution to the specific heat masks the time-
dependent change in the excess specific heat, es-
pecially if there is an excess phonon specific heat
as discussed in Sec. IV.

An experiment to measure heat capacity on a
~10™ sec time scale was attempted by Goubau and
Tait.®® At 0.1 K they observed no time-dependent
specific heat. At about 1 K they found a change,
though smaller than they expected. [However,
this result at 1 K is in rough agreement with the
change we would expect using our glass parameters
and a 7,_,, =5 sec (see Table II)]. At temperatures
above 2 K, no conclusions can be drawn from their
measurements since no long-time specific-heat
experiments were done on the same glass at those
temperatures for comparison.

The apparent problem in explaining these data
using the tunneling-states model provoked alternate
analyses of the raw data. The most appropriate
solution has been given by Black,*® who finds it
necessary to introduce “anomalous” excess excita-
tions. This analysis makes use of a local-tem-
perature approximation which may be invalid be-
cause of the strong frequency dependence of the
phonon mean free path. Thus, the initial phonon-
frequency spectrum and the resulting thermal his-
tory of the sample will depend on how a heat pulse
is applied® (i.e., if by an electrical heater or oth-
er means), and on the magnitude and duration of
the heating pulse.

We feel, however, that the Goubau and Tait ex-
perimerit has not shown any discrepancy with the
tunneling -states model and no revisions are needed

TABLE HI. Values of the coupling parameter v, re-
quired by the experimental data below 1 K in this paper
if the maximum relaxation time of the localized excita-
tions is 7 max.

T max (S€c) v; (eV)

=5 1.17
5x1071 1.10
5% 1072 1.02
5x1078 0.94
5x1074 0.85
5x107° 0.75

as yet. First, at the lowest temperatures (0.1 K)
the data were not corrected®® for the heat capacity®
of the manganin heater which, if 100 A thick, would
itself have as much heat capacity as that expected
for the glass on a time scale of 5% 107° sec. Sec-
ond, the data obtained from the experiment should
be plotted®” near T+1.6T,,, rather than®® at T
+0.5AT,,, because of the higher-temperature
history of the bulk of the sample. For AT,/T=10%
this introduces an 11% error in C at temperatures
where C is nearly linear in 7 and a 37% error in
C where C is proportional to 73, Finally, the
values of C obtained from the experimental pro-
cedure used in Ref. 63 are very dependent®® on
heating methods and heat losses. Based on the
geometry®® of the experiment, we expect errors
on the order of 5%. All the above problems apply
independently of the method used to calculate C
from the raw data and, if corrected for, tend to
provide a greater disparity between long-time
scale and short-time scale values.

Thus, at present, there appears to be no dis-
crepancy between experiment and theory for vitre-
ous silica. Should some future specific-heat ex-
periment done on a fast time scale precisely show
only a fraction of the change expected, this still
may not drastically effect the fit and conclusions
of Sec. IV. For instance, a change of ~50% ob-
served at 0.1 K for our glass in a 5-sec vs 5
X 107 -sec experiment might be due to a T, of
only 5X 1072 sec as indicated in Table IL. In this
case, because of the logarithmic dependence on
Tmaxs, the value of ¥; need change®® only from 1.17
to 1.02 eV to retain the same fits at low tempera-
tures for C, k, and Av/v. Other values of Y; re-
quired to compensate for given values of 7 _,,
are listed in Table III. Finally, as Black’s cal-
culation indicates,® it does appear possible to
account for any future experimental discrepancy
by manufacturing a more complicated density of
states P(E, T) than used in the present paper.
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