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The attenuation of' longitudinal and shear ultrasonic waves with frequencies between 10 and 450 MHz
has been measured in amorphous As2S3 at various temperatures between 1.5 and 480 K. It is found
that the attenuation is proportional to frequency except below about 30 K where it becomes less

frequency dependent the lower the temperature. Below 50 K the attenuation is accounted for
quantitatively using recent theory for the attenuation due to stress-relaxation processes each of which
involves the thermal phonon-assisted tunneling of a sulfur ion between adjacent positions representable
by a double potential-energy welL Tunneling times with a wide range of values occur indicating that
there are double wells with various barrier heights and amounts of asymmetry. The probability for the
occurrence of double wells is found to be proportional to the product of two Gaussian distributions
depending, respectively, on the size of the barrier and the energy diA'erence between the wells of a
given pair. The number of double wells per unit volume deduced from fitting our ultrasonic data is
consistent with the density of wells deducible from low-temperature specific-heat data of Stephens.
Direct evidence that electronic tunneling is not responsible for the low-temperature attenuation has been
obtained from measurements which revealed that the attenuation at 4.2 K increased only very slightly
with magnetic field up to the highest value used, 133 kOe. Between 50 and 140 K the attenuation is
almost independent of temperature and may be due to the combined effects of ions tunneling through
and hopping over the potential barriers between the two wells of each of the many double wells in the
material although no quantitative justification of this is presented. Above 140 K the attenuation is
found to increase with temperature at an ever increasing rate and it is found that 30-MHz
longitudinal-wave data can be fitted fairly well all the way up to 480 K by a three-term expression
with two of the terms being exponential functions of the negative of the reriprocal temperature. Various
possible interpretations of these results are presented but a unique and definitive explanation is not
arrived at. However, it does seem that the attenuation involves more than one type of relaxation
process and that each process is characterized by a wide range of relaxation times. Jumping of groups
of ions over potential barriers may be involved. The velocites of 10-, 30-, and 50-MHz longitudinal
waves and of 10- and 30-MHz shear waves have also been measured for a-As, S3 samples between 100
and 290 K. It is found that the velocities of both types of waves increase as the temperature decreases
in a manner attributable to the anharmonirity of interatomic forces. The velocities increase slightly with
frequency thereby providing additional evidence that the attenuation in a-As, S, is not due to the
Akhieser phonon viscosity mechanism which usually predominates in crystalline dielectric solids at the
temperatures in question.

I. INTRODUCTION

Recent measurements'" on vitreous silica and
other amorphous substances have shown that the
specific-heat and thermal conductivity of these
substances exhibit anomalous behavior at very low
temperatures. This anomalous behavior has stim-
ulated great interest and a number of theoretical
models' ' have been proposed to explain it. One
of them, the double-potential-well model used by
Anderson et al. ' and by Phillips seems to be most
successful. In this model an amorphous material
is pictured as containing entities each of which
has available to it two alternative sites or config-
urations of'nearly the same energy. Each two-
site system has been represented by a double well
like that shown in Fig. 1. The entities may be
atoms, ions, molecules, or groups thereof de-
pending on the substance. Furthermore, it is
thought that double wells occur which have various

values of barrier height V, energy difference
E, -E„and separation d. Transitions of an entity
between the two wells of a pair can occur at low
temperatures by means of thermal phonon-as-
sisted tunneling through the potential barrier be-
tween the wells. The double-mell model can ac-
count for the anomalous linear term in the heat
capacity and the anomalous T' dependence of the
thermal conductivity at low temperatures. In ad-
dition, expressions for two types of ultrasonic
attenuation" have been worked out using this
model. They are (i) a resonant absorption pro-
cess" at lowest temperatures (T( l K) in which
the attenuation is proportional to &u'/T (&u is 2m

times the ultrasonic frequency) and is amplitude
dependent such that if the acoustic power exceeds
the saturation level, the l/T dependence is not
observable; and (ii) a relaxation mechanism' which
is very important at low temperatures and may be
of some importance up to as high as 100 K. When
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waves in a-As, S, between 1.5 and 480 K and at
frequencies between 30 and 450 MHz. A prelimin-
ary report of some of our results has been given
previously. " At low temperature some measure-
ments were made in magnetic fields up to 133
kOe."

Before presenting results of our ultrasonic in-
vestigation of a-As, S, we shall summarize some
properties of As, S, which are pertinent to our
work. Thus, x-ray diffraction studies have shown
that crystalline As, S, has the orpiment structure
(P2,/n) with lattice parameters""

a =11.46 A, 6 =9.59 A,

n =y= 2 v, P=90' 27'.

c =4.24 A,

FIG. 1. Diagram (taken from Ref. 3) showing the
potential energy of one set of nearly equivalent alterna-
tive configurations for an atom (ion) or group of atoms
(ions) in a glass plotted as a function of a coordinate
along a line connecting two adjacent potential energy
minima. Because of the amorphous nature of the glass
the double-potential wells at some locations have differ-
ent values for E&-E2 and for V than do the double wells
at other locations.

~ t«1 the attenuation is linear in e but indepen-
dent of T. When, on the other hand, (dw» 1,
the attenuation is independent of (d and is pro-
portional to T' (r is the minimum value T can
have).

Experiments" "have shown that the resonant
absorption process does occur in oxide glasses
indicating that two level systems are involved. It
has not been determined, however, what the two
level systems consist of. Some evidence for type-
(ii) attenuation has been found in fused silica. "

Amorphous As, S, was selected for our investiga-
tion partly because it is available commercially in
very high quality-being extensively used for in-
frared windows in many optical applications. Its
quality is, in fact, better than that of most amor-
phous materials. Data on it should thus provide
information about properties intrinsic to the amor-
phous state itself rather than about properties
which are caused by imperfections.

Previous ultrasonic studies on a-As, S, have been
limited in scope. The attenuation of 20-MHz

longitudinal waves over a wide temperature range
has been reported, '4 but only a sketchy compilation
of its frequency dependence has been made. '

In this paper, we shall report the results of our
measurements of the attenuation of ultrasonic

Each arsenic (As) atom is bonded to three sulphur
(S) atoms to form a pyramid. The As atom occu-
pies the apex of the pyramid while the S atoms
occupy the corners of its triangular base. Each
S atom belongs to two pyramids in order to satisfy
the covalent-bonding requirements. The pyramids
are arranged in puckered hexagonal rings which
extend to form a two-dimensional layer structure. "
Adjacent layers are held together by weak van
der Waals forces. These layers are parallel to
the (010) planes. The bases of the pyramids are
not parallel to this plane; instead the bases of
adjacent pyramids are tilted away from the plane
by different amounts. " Furthermore, the As
atoms can be either above or below the plane. If
we designate the As atoms which are above the
plane by A and the As atoms which are below the
plane by B, then on going around a hexagon the
As atoms will appear in the order AABAAB or
BBABBA.. Each As-up pyramid is connected to
two As-down pyramids and one As-up pyramid.
Each As-down pyramid is connected to two As-up
pyramids and one As-down pyramid. The con-
nection is via the S atom which is common to the
pyramid in question and a neighboring pyramid.
A one-dimensional chainlike structure for As, S,
is also possible but no allotropic crystalline form
based on such a structure has been found. "

Recent x-ray and neutron diffraction studies"
on amorphous arsenic sulfide close in composition
to As, S, indicate the presence of sheets or layers
containing As and S atoms whose respective two-
fold and threefold covalency requirements are
satisfied but that the ring-structure characteristic
of the orpiment structure is not preserved. Within
a layer there does seem to be a correlation length
of 11 A. The separation between sheets is larger
than in orpiment and intersheet correlation per-

C

pendicular to the sheets extends for 15 A. Other
investigators" have concluded that a-As, S, has a
layer structure generally similar to that in orpi-
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ment but that sometimes a ring may contain 5 or
7 pyramids instead of 6 as in orpiment.

Rubinstein and Taylor" have observed a broad
line in the nuclear quadrupole resonance in amor-
phous As, S, and As, Se,. By comparing their amor-
phous As, S, data with that on the crystalline form,
they concluded that it could be interpreted in terms
of there being AsS, pyramids in the amorphous
state which had a distribution of apex angles with
halfwidth of about 2 . The average of the apex
angles in the crystalline form is about 98 .

Bermudez" had made a computer-generated
two-dimensional A,B,-type disordered-network
model for the structure of As, S, and As, Se, . From
this model he calculated a Raman scattering
cross section which is in reasonable agreement
with experiment. " A graphical representation of
this two-dimensional disordered network has been
given which is essentially the projection of the
As, S, system on to a plane. " There are two al-
ternative positions which the sulphur atom can
occupy and still produce the same angle for the
As-S-As bond. The densities of vibrational states
calculated by Bermudez and that deduced from
optical" or Raman data" seem to exhibit: (a) a
low-frequency continuum which can be ascribed to
the bond (As-S-As) stretching mode, (b) stretch-
ing of the S-As-S bond at 310 cm ', and (c) a peak
at 340 cm ' corresponding to an antisymmetric
As-S-As bond stretching vibration. Bermudez
used a Gaussian distribution of As-8-As bond
angles of mean value 150 and a standard deviation
of 10'. There is evidence that such a distribution
is needed to interpret infrared data.

Much work has been done on the electrical, ""
optical, ""and thermal"' ' properties of amor-
phous As, S,. It is found from dc conductivity mea-
surements that a-As, S, has a large electrical
activation energy in the range of 2.1-2.3 eV."
The ac conductivity is proportional to (d at fre-
quencies up to 10' Hz and to cu' at frequencies be-
tween about 10' and 10"Hz. Pollak and Pike, '
employing the double-well model have shown that
a linearly frequency-dependent conductivity can
result from an ion hopping over the barrier in a
double well. Strom and Taylor" suggested that
the co' dependence may be due to one-phonon acous-
tic mode absorption which is induced by disorder
in glasses, the reason being that disorder-induced
local charge deviation can couple the incident
photons to elastic waves in the glass. They
claimed that if this interpretation is correct, the
increase in value of the T' coefficient in the spe-
cific heat of amorphous materials over the crystal-
line counterpart would then be related to the ~'
absorption in the far infrared. Taylor et al.4'

also suggested that the ~' dependence in chalco-

genide glasses could be due to the low-frequency
edge of a Gaussian distribution of harmonic oscil-
lators. Raman' and infrared reflectance data
on a-As, S, have also been analyzed using a molec-
ular model. '4 The calculated vibration frequencies
for a-As, S, agreed well with experimental values."
In the calculation it was assumed that the bond
bending force constant of the bridging As-S-As
bond is much weaker than the bond stretching
force constant of the AsS, pyramidal molecule.

The molecular model has been criticized" be-
cause its use of only two or three oscillators to
interpret a given infrared (ir) absorption peak is
inadequate to account for the wideness of the
"base" of the peak. In fact a Gaussian distribution
of Lorentzian oscillators has been successful in
interpreting each ir peak more completely. The
Gaussian distribution needed to explain the peak
centered around 340 cm ' has been generated
using a two-dimensional A,B, disordered network
model" as was mentioned previously.

It seems to us that a-As, S, consists of layers
containing irregular rings of distorted molecular
pyramids of AsS, . The layers are oriented in a
variety of directions thereby producing sample
isotropy. The layers are "bonded" together at
random points'4 where there are As atoms in
octahedral coordination. ' Furthermore we think
that bending of the As-S-As bonds is representable
in terms of the motion of a sulfur atom or ion be-
tween the two potential wells of a pair.

As will be demonstrated the motion of sulfur
ions seems to be mainly responsible for the atten-
uation at the lower temperatures while the motion
of AsS, pyramids or groups of such pyramids may
be mainly responsible for the attenuation at the
higher temperatures.

II. EXPERIMENTAL DETAILS

A. Samples

Amorphous As, S, blanks of grade A or B quality
were purchased from the American Optical Corp.
Samples suitable for ultrasonic studies were pre-
pared from them by polishing the faces extremely
smooth, flat, and parallel. Some of the samples
were checked for amorphism using x rays. Laue
pictures obtained using x rays revealed no spots
nor rings, indicating the absence of crystallinity
(at least in the 200-A depth from which the back-
scattered x rays originate). Measurements of the
intensity of Cu K x rays (A. = 1.54 A) as a function
of diffraction angle showed very broad maxima.
Inspection of the x-ray intensities observed for
glassy As, S, and powdered orpiment (crystalline
As, S,) by others4' indicates that our x-ray data
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resemble those for the glass and are quite unlike
that of the powdered crystalline As, S,. This can
be taken as further evidence that our sample is
amorphous. One of our samples was analyzed for
impurities by mass spectrography at the Battelle
Laboratories, Columbus, Ohio. The major im-
purities found are summarized in Table I. Al-
though our sample contained more Fe (10 ppm)
than the especially high-purity a-As, S, prepared
by DiSalvo et al.~' (which has about 0.3 ppm of Fe),
our sample did have only about the same amount
of Fe as their nominally pure sample. The con-
centrations of Zn, C, and 0 were not determinable
by the mass-spectrographic method. The ab-
sorption coefficient for infrared radiation between
7 and 13 p,m showed that there are two absorption
bands at 8.7 and 10.1 gm. According to Savage and
Nielsen" and Moynihan et al.4' the absorption at
8.7 pm is due to the presence of oxides. Com-
parison with the absorption coefficients given by
these workers showed that the absorption of our
sample is slightly larger than that exhibited by
the pure sample of Savage and Nielsen and is con-
siderably less than that exhibited by their impure
sample.

B. Experiment

The attenuation was measured by observing the
decay in the amplitude of the train of echoes pro-
duced by each 2-p, sec-wide pulse of ultrasonic
waves generated in X-cut or AC-cut quartz trans-
ducer crystals by a pulse of rf. The quartz trans-
ducers had chrome-gold-plated electrodes and

TABLE I. Impurity concentration ratios in amorphous

As2S3, sample No. 7, obtained from mass-spectrographic
analysis performed by Battelle Columbus Laboratories,
Columbus, Ohio.

were purchased from the Valpey Fisher Co. From
100 K up, phenyl salicylate (Salol), Dow Corning
200 fluids, and Plexol were used to bond trans-
ducers to the sample with varying degree of suc-
cess. Below 77 K, 4-methylpentene-1 was the
only material which produced a suitable bond. The
electronic equipment consisted of a Matec 1204
Master Synchronizer and Exponential Generator,
a Matec 6000 R. F. Pulse Generator and Receiver,
a Matec 2470 Attenuation Recorder, Weischell
tuning stubs, a Tektronix 585 Scope, and either a
Leeds and Northup Speedomax W Multipoint
Recorder or a Hewlett Packard 7000A X-I' Recor-
der. Temperatures below room temperature were
obtained by using a commercial variable-temper-
ature metal Dewar flask made by Cryogenic As-
sociates. The temperature of the sample was mea-
sured by means of a Cryocal germanium-resis-
tance thermometer. This Ge thermometer was
calibrated from 1.5 to 100 K by comparison with
a calibrated unit obtained from the manufacturer.
From 50 to 300 K, temperatures were measured
with an Artonix platinum thermometer. Sample
temperatures above 4.2 K were obtained by using
a constantan heater controlled by a Princeton
Applied Research Model 152 controller which used
a gallium arsenide diode as a sensor.

Some data were obtained with the sample in a
magnetic field at liquid-helium temperatures using
an Intermagnetics General Corp. , IGC 31010,
140-kG, 2-in. -diam bore superconducting solenoid.
The sample temperature was determined by the
boiling point of the liquid helium in which the
sample was immersed, and was measured at zero
field using a germanium thermometer. No attempt
was made to control the temperature. The mag-
netic field strength was measured using a cal-
ibrated magnetoresistance probe (IGC 31011).

Impurity
element

Ni/(NA +Ns) ~

(ppm)
III. RESULTS

Al
Sb
B
Ca
Cl
F
Fe
K
H,u
Si

63 others

1
200

0.002
6

14
1
9

13
0.3 to 3

1
below detection limit"

'Nl, N», andNs are the number of impurity, arsenic,
and sulfur atoms, respectively.

"Detection limits ranged from a low of 0.05 ppm for
Be to a high of 11 ppm for Sc.

The velocities of longitudinal and shear waves
of different frequencies, measured using the pulse-
echo-overlap method, are shown in Figs. 2 and 3.
Note that the velocities increase somewhat with

decreasing temperature or increasing frequency.
In Fig. 4 is shown the attenuation of 30-MHz

longitudinal waves from 140 to 480 K. It can be
seen that the attenuation increases ever more
steeply as the temperature is increased. Similar
results had been found previously for 20-MHz
longitudinal waves by Krause et al. "

In Fig. 5 is shown the attenuation of longitudinal
waves at different frequencies from 1.5 to 50 K.
The attenuation is almost independent of temper-
ature at the higher temperatures. However, when
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I'IG. 2. Velocities of 10- and 30-MHz shear waves in
amorphous As2S3, sample No. 2, vs temperature.

the temperature is decreased sufficiently, the
attenuation begins to decrease with decreasing
temperature doing so more strongly the higher
the frequency and the lower the temperature.
Figure 6 shows that the attenuation is linear in
frequency at high temperatures and low frequen-
cies and has a smaller frequency dependence at
the lower temperatures.

In Fig. 7 the frequency dependence of the atten-
uation of longitudinal and shear waves at different
temperatures are shown as log-log plots. The
slopes of these plots were obtained by performing
least-square fits to the data. All the slopes are
very close to unity. The frequency dependence of
the attenuation at the temperature in question can
be represented by the relation

n =A(T)(u',

where s = 1.02+ 0.03 within 2 standard deviations.
Three separate, previously reported, values of
the attenuation" "are very similar to ours al-

FIG. 4. Attenuation of 30-MHz longitudinal waves in
amorphous As2S3, sample No. 4, from 140 K to near the
glass temperature. The symbols represent data points
obtained with various types of bonds as follows: HC
salol; +x DC 200 fluid, 100 cS; 7 DC 200 fluid, 1000 cS;
and+ DC 710. (DC stands for Dow Corning and cS for
centistoke. ) The dashed line is an empirical fit of the
three-term expression (1S) of the text which contains a
constant term and two terms which are exponential func-
tions of-1/T, where T is the absolute temperature.
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o

0 MHz

though there are some slight differences. The
differences are not understood, but we think they
may be due to differences in the preparation pro-
cedures for different sample lots, possibly at the
annealing stage.

We have observed that the attenuation of 30-MHz
ultrasonic waves in a-As, S3 at 4.2 K is affected
slightly by a magnetic field —at 133 ko the increase
in attenuation was about 0.6/A+ 0.7% in the case of
longitudinal waves and about 2%+ lojo in the case
of shear waves.
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FIG. 3. Velocities of 10-, 30-, and 50-MHz longitudin-
al waves in amorphous As&S&, Sample No. 5, vs tempera-
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FIG. 5. Attenuation of longitudinal waves in. amorphous
As~S), sample No. 7, between 1.5 and 50 K. The curves
were calculated using the thermal phonon-assisted ionic
tunneling time given by Eq. (6) of the text in the attenua-
tion formula given in Eq. (7) of the text.
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ly in many other glasses' and in amorphous poly-
mers""

It is known that relaxation processes can give
rise to sound absorption. The attenuation assoc-
iated with an elementary relaxation process is
given by

u, =8, (u'7', /(1+ (u'r,'), (2)

200 400 500
FREQUEXCY (MHz)

FIG. 6. Attenuation versus frequency for longitudinal
waves in amorphous As&83, sample No. 7, at various
temperatures.

where A& is the relaxation strength divided by the
wavelength of the ultrasonic wave, w; is the relax-
ation time characteristic of the elementary relax-
ation process, and u is the angular frequency of
the ultrasonic wave.

The theory for the Akhieser-type relaxation
process due to thermal phonon interaction has
been worked out for the crystalline case by vari-
ous authors. '~ " For our purposes it is adequate
to use formulas for the attenuation given by Wood-
ruff and Ehrenreich. 55 They found that

o. = (y'C„T/2pv')(u tan '(2(oT),

when there is no local temperature change due to
the ultrasonic strain (i.e., b, T=O) and only
umklapp scattering of thermal phonons by each
other is important. Woodruff and Ehrenreich also
found that when ~r«1,

u = (y'C„T/3pv')(u'r, (4)

IV. DISCUSSION

The linear frequency dependence which we ob-
served for the attenuation in a-As, S, at ordinary
temperatures is similar to that observed previous-

pro»«d that &T & 0 (but again only umklapp scat-
tering is important). Equation (4) is a special
case of the general relaxation form given by Eq.
(2) for the &ur«1 case. y is an anharmonicity
parameter similar to the Griineisen "constant, "
7 is the thermal-phonon lifetime which can be
estimated from the measured thermal conductivity
z, heat capacity C„, and velocity of sound v using
the relation

i0 20 50 l00
FREQUEXCY (MHz)

FIG. 7. I,og-log plot of attenuation vs frequency in
amorphous As283, sample No. 1, Shear-wave data are
shown for 77 and 296 K and longitudinal-wave data are
shown for 296 K. The slopes of the straight lines through
the shear-wave data are 1.05 at 296 K and 1.08 at 77 K.
The slope of the straight line through the longitudinal-
wave data is 1.02.

x = —,'Cv'w .

If ~7» I, n is proportional to v according to Eq.
(3). ft should be noted, however, that when &ur» 1

direct scattering of ultrasonic phonons by thermal
phonons becomes predominant, and although Eq.
(3) can account for the frequency dependence some-
times observed for the attenuation, it does not
ordinarily account for the temperature dependence
observed for e. Using values of z, C„, and v

from the literature, "we find that for the ultra-
sonic frequencies employed in this work, +T«j.,
and both Eqs. (3) and (4) give an attenuation pro-
portional to co', which does not agree with the
observed frequency dependence. In addition, for
ordinary values of y, the attenuation calculated
from Eqs. (3) and (4) is much smaller than the
attenuation which is observed in amorphous ma-
terials. Thus if & is the same for all thermal
processes as is assumed in the derivation of Eqs.
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(3) and (4), the attenuation in amorphous sub-
stances is not due to the Akhieser relaxation pro-
cess involving the interaction between thermal
phonons.

Consider again Eq. (2). The attenuation given by
it reaches a maximum when ~T& =1. However, if
a distribution of relaxation times exists, there
will be a series of terms similar to the expression
in Eq. (2) each having a different value of r&. The
resultant attenuation will be proportional to co if
the &,'s have a wide range of values. We think
this is why the attenuation observed in many amor-
phous materials has a linear frequency dependence
since a wide distribution of relaxation times can
be justified physically. We shall discuss this
further later.

The velocities shown in Figs. 2 and 3 increase in
a manner similar to that expected due to the an-
harmonicity of interatomic forces." The increase
in velocity with increasing frequency implies, as
did our attenuation data, that Akhieser-type relax-
ation due to thermal phonon interactions is not the
predominant source of attenuation. This inf erence
is made because, if the Akhieser process were
predominant, no appreciable dispersion in velocity
would be expected when ~v «1. From the values
of the velocities of 30-MHz longitudinal and shear
waves which were measured for our samples at
100 K, we obtain a value of 163 K for the elastic
Debye temperature in fairly good agreement with
the value of 170 K quoted by Stephens. '

Our low-temperature attenuation data showed
no evidence for the amplitude-dependent attenua-
tion due to resonant absorption of ultrasonic
phonons. " " Such attenuation occurs at lower
temperatures, higher frequencies, and lower
acoustical power than those which we have used.

Our attenuation data at low temperatures can be
interpreted by means of Jackie's theory' for relax-
ation due to thermal phonon-assisted tunneling of
ions between alternative positions representable
by a double potential well. For a given pair of
wells the phonon-assisted tunneling time &, is
given by'

(6)

where B=(e'+ &')'~', e=E, +Re, E, —h&o„—
4 =K&u,e, and A. = ~(2mV/k')' 'd B, and B, a. re
the deformation potentials for longitudinal and
transverse phonons, respectively. E, and E, are
the energies of the bottoms of well 1 and well 2 of
a pair; co, and co, are the zero-point vibrational
frequencies of the atom in wells 1 and 2 and they
are both expected to be approximately equal to (op

which we take to be 10" rad/sec; d is the sep-
aration between the two wells of a pair. A wide

distribution in the values of && can arise if double
wells at various locations are characterized by
suitably different values of ~ and E. %hen 7, has
a wide range of values and ~7,«1 for all 7, of
interest, the attenuation turns out to be propor-
tional to frequency and almost independent of tem-
perature' thus accounting qualitatively for the be-
havior of the attenuation in the upper part of the
temperature range shown in Fig. 5.

In the case when +T,» 1, the attenuation is in-
dependent of frequency and has a T' dependence. '
Our experiment was not carried down to low
enough temperatures to reach the frequency-inde-
pendent T' temperature-dependent region which
has been observed in fused silica. " " However,
from Figs. 5 and 6 we can see that we may be
approaching that regime.

In order to account for our low-temperaiure
attenuation data we used an expression based on
the work of Jackie, ' namely,

~ —2, I' ~, X sech'

P(e, X) =N„„,P(e)P(A, ),
with

P(e) =[exp(—e'/2o, ')]/(2w)"'o,

and

P(X) =(exp[-(A, —Xo)'/ox]}/(2w)"'o~.

(8)

The latter distribution is really less ad hoc than
it might appear to be at first sight since a one-
parameter alte rnative distribution

P (y) = (2y /y )exp(-y /y ~)

has the same shape as our P(A. ) when X' =8.1.
I is the tota 1 number of we 11s in a unit volume

of material, and o, and o'q are the widths of the
e and X distributions. The integral in Eq. (7) was
evaluated numerically by means of a CDC 6500
computer using an integration routine from the
library of the Purdue Computer Science Center.
A lower limit of A. = 3 was used in performing the
integration because the tunneling rate formula,
Eq. (6), is valid'" only down to a value of X of
about that size. An upper limit of X =12 was used
because we found that almost all of the attenuation
calculable from Eq. (7) using P(e, A) was included

E
dc d~.1+(d T

P(e, X) is proportional to the probability of the
occurrence of double wells which have an energy
difference of e between the two wells in a double-
well and a tunneling parameter A. . More specifical-
ly we chose
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for such an upper limit. For comparison it should
be noted that Anderson et al. ' suggested that A.„„.„
=5 and X .„=-20. The limits we choose for A, imply
that the number of wells per unit volume having
a suitable value of A is ffN„„,P(e)P(A. ) de dX

total '

Values for &„B„o„oq, and Xp were deter-
mined to give a best fit to the 150-MHz longitud-
inal wave data. The values are N«t» =2.7x10"
cm ', o, =0 04 eV, o'& 4 ~p 10 &) 1 eV and
B,= —,

' eV. ~, corresponds to the most probable
value of X which is involved in Eq. (6). If the
tunneling particle is the sulphur atom, and if d
=1A, this value of A, p=10 implies a value of Vp
=0.025 eV for the most probable barrier height
between wells. This value of V, is reasonable in
view of the feeling' that the maximum value of V
should be of the order of thermal energy at the
glass temperature. For a-As, S, this would mean
a V

„. „of about 0.041 eV. Our value of V, is also
consistent with the size of the barrier Vb calcul-
able"" for two symmetric, harmonic wells

0

spaced a distance d of 1 A apart, with each well
representing the potential energy of a sulfur ion
vibrating with a zero-, point frequency (dp of 10"
rad/sec Spec. ifically, V, = —,'Mv', d' =0.042 eV,
where M is the mass of sulfur. It should also be
noted that calculation of Vb in this manner implies
a tunneling parameter X, of M&@,d'/4h with a value
of 12.7 which is surprisingly close to the maximum
value of A which is needed to fit Eq. (7) to our
low-temperature attenuation data.

The set of values for B, o„oq, and A, p obtained
by fitting the 150-MHz attenuation versus temper-
ature data was then used to calculate the attenu-
ation expected for 30- and 390-MHz longitudinal
waves. A comparison of the calculated and the
experimental values is shown in Fig. 5. The solid
curves indicating the calculated attenuation fit the
data points (given by the symbols) very well.
Similar agreement is obtained for shear waves.

One estimate of the physical significance of the
fit is obtained by comparing the value of Nt t ~ l

which we obtained from fitting our attenuation data
with that implied by specific-heat data. Stephens
has measured the specific heat of amorphous
As, S, and found that at very low temperatures it
can be represented by

C„=C,T+ C,TS,

where for a-As, S, C, =14 erg g 'K ' or 45
erg cm 'K '. We identify CIT with the specific
heat derived from the double-well model, ' i.e.,
~6w'k'n(0)T, where 0 is Boltzmann's constant and
n(0) is the constant value which the density of
double wells is assumed to have for e between 0

and some maximum value c „.Above e,„ the
density of wells is considered to be zero. Since
e is the difference in energy between a state
located in one well and that located in the other
well of a given pair, simple geometrical consid-
erations imply that c,„=xV,„, where 0& x& 1 and

V,„ is the maximum potential energy barrier
which occurs. With V,„=0.041 eV we have for
the number of wells per cm',

6C,

Equating this expression to the value of &„t»
deduced from our attenuation data (i.e., 2.7X 10"
cm '), we obtain a very reasonable value of 0.29
for X.

Stephens also showed that the very-low-tem-
perature heat capacity of some amorphous solids
could be fitted by the three-term expression

C„=C', T+ C,'T'+ C3 T3.

Some authors have suggested that the T' term is
due to vibrational modes having two degrees of
freedom and that the T3 term equals that expected
for a Debye model. It has been shown' that the
heat capacity anomalies can be accounted for in
terms of localized modes arising because there is
order within three or four atomic distances of a
given atom. For fused silica a contribution to the
density of vibrational states which is proportional
to frequency has been deduced from Raman data.
Barber" claimed that such a linear frequency
dependence contributes to the T' term and that
theoretical calculations relevant to glasses having
tetrahedral atomic configurations can account for
the T' term in the heat capacity.

No linearly-frequency-dependent contribution to
the density of vibrational states has yet been de-
duced for a-As, S, . However, if we assume that
for a-As, S, the C,' T' term equals the heat capacity
calculable from the Debye model with a Debye
temperature deduced from the velocities of longi-
tudinal and shear ultrasonic waves which are
measured at 100 K, it is found that Eq. (11) does
fit the heat capacity of Stephens's purest sample
with C,'=8.8 ergg 'K ' and C,'=35.4 ergg 'K '.
The presence of the T' term supports the notion
that extra vibrational states are connected with
motions within layers which are not only weakly
bonded by van der Waals forces to adjacent layers
as in the crystalline form but, furthermore, must
be bonded at only a few random locations. "

If, as before, we attribute the C,' T term to the
tunneling of ions between potential wells, the num-
ber of double wells is now equal to C,'/C, =0.63
times the number derived from Eq. (10) implying
that x=0.43. This value of x is also quite reason-
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able.
The heat capacity data also has some implica-

tions for the thermal phonon-assisted tunneling
time T, . This is because the latter depends on
the density of phonon states. [In Eq. (6) it is
assumed that this density is simply that given by
the Debye model. ] Stephens deduced a density of
states g(ur) by requiring that both terms in Eq. (10)
be accounted for by it. He found

g((u) =a+ (b+ b~)(h~)'

where b~(k&u)' is the Debye density of phonon
states and a and b + AD give rise respectively to
the C,T and C,T' terms into which the heat capacity
can be analyzed.

Following Anderson et al.' we consider the quan-
tity a to be dependent on the density of potential
wells so that the true density of vibrational states
is given by (b+ b~)(ku)'. Consequently, the new

tunneling rate is given by

where r, ' is given by Eq. (6). Using the Stephens
heat capacity' we find that for a-As, S„(b+bD)/bn
= 1.8. Thus, if b(h &u)' does describe the density
of extra vibrational states w„,' has a value 1.8
times that of 7P given by Eq. (6). We do not need
to recalculate the attenuation using v„, because
the tunneling rate depends on other quantities such
as the deformation potentials B, and && and &

=8~,e whose values are not precisely known so
that the 1.8 factor can be considered to be already
absorbed in these quantities. (It might also be
argued that the extra states may not involve pho-
nons which assist the tunneling of ions. )

In order to be better able to interpret our atten-
uation data on a-As, S, we shall consider the be-
havior of other glasses at moderately low tem-
peratures. Many glasses show an attenuation
maximum in this temperature range. ' " How-

ever, we have not observed such a maximum in
amorphous As, S, nor did Krause eI;a/. ' A rather
small but wide attenuation peak has been observed
at 54 MHz in amorphous As, Se, between about 5

and 80 K.' The peak appears on top of a fairly
temperature-independent background attenuation.
Because of the similarity in structure between the
A8283 and A828es one %'ould be inclined to think
that the "background" attenuation in amorphous
As, Se, is similar in nature to that observed in
amorphous As, S, and is due to the same phonon-
assisted tunneling mechanism, whereas the peak
proper may be due to the relaxation associated
with the hopping of ions over barriers which have
a narrower range of loaves heights than in 0-As, S, .

Perhaps the attenuation peak in As, Se, might be
due to impurities. It would be interesting to know

if these impurities might cause a Schott y-type
anomaly in the heat capacity.

An attenuation peak has been observed in fused
silica which is apparently due to GH impurities. "
However, Anderson and Bommel~ have interpreted
a broad attenuation maximum in fused silica in
terms of the relaxation of oxygen atoms in the
Si-G-Si bond. The deformation of the bond angle
requires energy and can be regarded as the height
of the barrier which the oxygens have to jump
over . The attenuation maximum ls too broad to
be fitted by a single relaxation peak, and in order
to produce a good fit, Anderson and Bommel
assumed the existence of six thermally activated
relaxations each of which has a different activation
energy between 1 and 1.5 kcal/mole and a different
relaxation strength. By invoking the possible
existence of a much wider distribution of relax-
ation times for a-As, 8, than that found for fused
silica, we can explain qualitatively the absence of
an analogous attenuation maximum in a-As, S,
below 140 K. The force constant associated with
the bending of the As-8-As bond is much smaller
than that associated with the 8-As-S bond, "'' and
consequently it is most likely that the moving
particles are sulfur atoms (or ions). The positions
describable by the two wells of each double po-
tential well are then identified with the nearly
equivalent alternative positions for the sulfur
atoms. The barrier between the wells is caused
by the energy required to straighten out the
As-8-As bond. This energy is pxoportional to
the angle of displacement of the sulphur atom.
Because of the weak van der Vfaals bonding be-
tween layers at a few random locations, ~ there
will be a wide distribution in the angle of displace-
ment and hence a wide distribution of relaxation
times.

%'e turn now to the rise in the attenuation which
we observed in a-As, 83 above 140 K as shown in
Figs. 4 and 8. Between 140 and 300 K the rise in
attenuation was accounted for previously' by
assuming that associated with each of the many
double potential wells in the material there is a
relaxation process in which an ion jumps over the
barrier between the two wells of the double well.
It was also assumed that various barrier heights
occur and that the number of wells with a given
barrier height U can be expressed in terms of the
number of wells having a given barrier parameter
X. The latter number is proportional to the P(A. )
distribution function in Eq. (8) which we used to
calculate the low temperature tunneling attenua-
tion. The formula which was used for the hopping
attenuation is
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n„, =C, , I'XdX, (14)

with the hopping relaxation time T being given by

T = (10 " sec)e (15)

In Eqs. (14) and (15), V=23.'8'/Md'. We found"
that using a fixed value of d =

& A we could calcu-
late curves which fitted the attenuation data very
well as shown in Fig. 8 provided that ~, and a'q

in P(A, } had values of 15 and 3, respectively.
Since the above values of d and X, are different

than those needed to fit the attenuation at low tem-
peratures, we surmise that different kinds of
moving entities and potential barriers are involved
in the hopping attenuation instead of the sulfur
ions which seem to be involved in the low temper-
ature (tunneling) attenuation. To obtain an idea of
the possible nature of the entities involved in

hopping, we note that with d = + A a value of 15 for
A, implies that (2MV)' '= 308/(-,'&& 10 ') = 1.27
&10 "ergseccm ', and if V& AT„„„=0.041 eV,
then&=1. 23X10 "g or 736 atomic mass units.
Such a large mass would seem to imply that the
hopping entity is comprised of a group of ions
which move as a unit. Furthermore, in view of
the structure of a-As, S, the group would most
likely contain six AsS, pyramids on the average.
(We took the mass of each pyramid to be that of

AsS», since each S is shared by two pyramids. )

Such a number of pyramids is reasonable in terms
of the maximum number consistent with the 11-A
in-layer correlation distance" in a-As, S3 The
hopping motion might be analogous to the rigid

FIG. 8. Attenuation of 30- and 70-MHz longitudinal
waves in amorphous As283, sample No. 5, between 50
and 300 K. The symbols represent the experimental data
and each curve gives the sum of the attenuation calcula-
ted for thermally activated hopping over potential energy
barriers by using either Eq. (15) or Eq. (18) of the text
and a background attenuation which is independent of
temperature.

layer mode vibrations in crystalline orpiment. "
In order for Eq. (14) to fit the rise in attenua-

tion between 140 and 300 K, C had to have a value
of. 6.3X 10 ' dB sec cm '. Since C is just N times
the factor in front of the integral in Eq. (7), where
N is the number of entities per unit volume, the
above value of C implies that NB'=4. 8x 10'
em ' eV'. If we assume that the deformation po-
tential B has the fairly large value of 30 eV then
there are N=5. 3X 10"groups of pyramids per
unit volume involved. Such a value for N means
that a not unreasonable 0.008% of the atoms in the
sample is involved in this type of relaxation pro-
cess. Before concluding that hopping of groups of
pyramids is indeed responsible for the measured
rise in the attenuation between 140 and 300 K we
shall discuss two alternative ways of fitting this
rise.

The first alternative again assumes that there
is a relaxation process which involves over-the-
barrier hopping with a relaxation time given by
Eq. (15) and that various values of V are possible.
However instead of using a distribution in X, we
use a distribution in V. The first distribution in
V which we have tried is based on the P'(A. ) dis-
tribution given by Eq. (9). Specifically we assumed
that the probability that there are wells with
barrier heights between V and V+ d V is given by
P'(V}dV=(V/V', )e odV. This form of P'(V) did
not allow us to fit the observed rise in the atten-
uation. However a related distribution P(V) did
permit such a fit between 100 and 300 K. The
distribution is given by

P(V) = (V'/5V'. )e ""
and the formula for the attenuation is

(17)

In Eq. (17) we used ~ as given by Eq. (15).
Assuming that the attenuation is the sum of that

calculated using Eq. (17) and a temperature-inde-
pendent linearly-f requency-dependent term with
a value equal to that of the attenuation measured
at 100 K, we can again calculate curves to fit our
data provided that V, = 0.8 eV. These curves are
the ones shown in Fig. 8 which were initially cal-
culated using Eq. (14). Such an extremely large
value of V, is hard to account for. Perhaps it
could represent the barrier to some kind of relax-
ation of a structure which involves the flexing of
the network of AsS, pyramids in a layer with

o

dimensions of the. order of 11-A in-layer correla-
tion length. Since a value of 2.2~ 10 ' dB sec cm '
for C~ was needed to fit the rise in the experi-
mental attenuation between 100 and 300 K then
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NB~ =1.7&10" cm 'eV'. By assuming the defor-
matlon potential associated w'1th this relaxatlon
process has a value of 100 eV we find that N
= I.VX 10" cm ' or about 0.02%% of the atoms in a
cubic centimeter of material. Since either Eq.
(14) or (17) can fit the rise in attenuation between
100 and 300 K if suitable but different values are
chosen for the parameters involved, it may mean
that more than one type of hopping is involved or
that the deformation potentials should not be
assumed to be independent of barrier height.
There is indeed a precedent" for the relaxation
strength to depend on the value of the activation
energy involved in v. Before concluding that either
Eq. (14) or (IV) implies a certain origin for the
rise in attenuation above 140 K we shall discuss
another way of fitting this temperature rise.

We have found that the rise in attenuation of
30-MHz longitudinal waves can be fitted fairly
well from 140 K all the way to 480 K by means of
the expression

0 9B+ 36 Be-o. ' + 1 05x10 e-o.:8.via

where 0.98, 36.B, and 1.05 & 10' have units of
dB/cm. How well expression (18) fits the data is
shown in Fig. 4. It is not clear what the signif-
icance of this empirical fit is. It might mean that
there are three types of processes two of which
either must involve only certain thermally ex-
cited states or else must have coupling constants
with appropriate exponential temperature depen-
dences. The second term in (18) might be attribu-
table to a small group of thermally excited AsS,
pyramids and the third term in (18) to some kind
of more massive structural relaxation.

It should be noted that for other frequencies be-
sides 30 MHz we do not know if a three-term ex-
pression similar to (18) would fit the attenuation
in the same temperature range where (18).fits the
30-MHz data. This is because, with the exception
of the 20-MHz data by Krause e~ al, , measure-
ments at other frequencies have been made (by us)
only up to about 300 K and a constant term plus
one exponential term suffice to fit our attenuation
data in this more limited temperature range.

In view of the preceding discussion it should be
evident that we have no definitive interpretation
of the attenuation above 140 K. Hopefully, some
of the elements in our discussion might prove
useful in searching for such an interpretation.

Next we would like to consider the possibil-
ity that electronic effects are contributing to the
attenuation. Approximate expressions for the
absorption of sound due to electronic hopping have
been worked out. ' They are

sin(uv')'~'
c. -exp(-const &u '") 1— (~r)1js

when v» v„and

n -w*(in+)'(1—

(19)

when &u « ~,. In Eq. (19), y = (&u/~, ) In(J/&o) and

(d„u, are characteristic frequencies of the theo-
ry, and J is an exchange integral occurring in the
theory. It is obvious that the attenuation which we
have observed does not have the frequency de-
pendence implied by Eq. (19) or (20).

The very slight dependence of the attenuation
on magnetic field strength at 4.2 K (see Sec. III)
also seems to indicate the unlikelihood that elec-
tronic effects are important for the low-temper-
ature attenuation. Since we do not think that the
slight increase in attenuation with magnetic field
is an intrinsic effect, we should like to comment
on the likelihood that impurities are responsible
for it. First of aQ, we recall that our a-As, S,
sample which was analyzed by mass spectroscopy
contained about 10 ppm of Fe (see Table I). Such
a concentration of Fe in a-As, S, has been found to
cause a measurable Curie-law-type of magnetic
susceptibility at low temperatures. 4' Experiment
has shown that Fe" impurities cause a magnetic
field dependence of the hypersonic attenuation in
crystalline MgO at low temperatures. ' Most of
the conditions of the MgO experiment (higher Fe
concentration, crystalline material, higher fre-
quencies, and lower magnetic field strengths) are
so different from ours however that it does not
seem justified to conclude that impurities are
responsible for the slight field dependence of the
attenuation. Instead the attenuation of a-As, S,
samples with various known amounts of Fe should
be investigated carefully as a function of magnetic
field strength.

V. CONCLUSION

Our low-temperature attenuation data on a-As, S3
support the concept that in glasses there are cer-
tain atoms (or ions) each of which has available to
it two alternative sites of almost the same energy
which are representable by a double potential well.
Furthermore, with the assistance of thermal
phonons an atom (or ion) can tunnel through the
potential barrier between the two wells. We con-
clude that in a-As, S, there are double wells with
a wide variety of barrier heights and energy dif-
ferences and that the probability of occurrence of
wells with given characteristics is proportional
to the product of two Gaussians —one of these being
a function of the energy difference between states
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in the two wells of a pair and the other being a
function of the tunneling parameter for the barrier
between the two wells of a pair.

On the basis of the extremely slight effect of a
magnetic field on the attenuation at 4.2 K we con-
clude that electronic tunneling is relatively un-
important for the low-temperature attenuation.

At somewhat higher temperatul es our RtteIluRtlon
data indicate that thermally activated hopping of
ions over potential barriers with a wide range of
barrier heights may take place along with the
tunneling process,

We tentatively conclude that above 140 K ther-
mally activated jumps of groups of AsS, pyramids
over potential barriers with a variety of heights
may be taking place. However, the actual tem-
perature dependence of the attenuation in the en-
tire range from 140 to 480 K is difficult to under-
stand, especially since the attenuation has a linear
frequency dependence at least up to 300 K. Ne
feel that inferences about the nature of atomic

relaxation processes at these temperatures ought
to be subjected to further investigation.

From our velocity data between 100 and 290 K
it can be concluded that in a-As, S, the anharmon-
icity of interatomic forces is not unusual and that
thermal phonon viscosity effects are not impor-
tant.

ACKNOW( LEDGMENTS

The authors wish to thank Dr, W. F. Hoyle and
Dr. T. C. Chi for many discussions and for help
in sample preparation and use of equipment. They
also wish to thank Professor G. L. Liedl, L. D.
McCabe, and R. E. Braun for making x-ray dif-
fraction measurements and electron micrographs;
Professor B. Colella and S. D. Leaoux for assis-
tance in obtaining x-ray LRue pictures; Rnd Dr.
H. R. Chandrasekhar and Professor A. K. Hamdas
for making infrared transmission measurements.

tResearch supported by U. S. Army Research Office
(Durham) Contract No. DA-31-124-AROD-17, the
Advanced Research Projects Agency Interdisciplinary
Laboratory Program Grant No. DAHC-0213, National
Science Foundation Grant'No. GH-33383, and National
Science Foundation Materials Research Laboratory
Grant No, 33574 at various times.
R. C. Zeller and R. O. Pohl, Phys. Bev. B 4, 2029
(1971).

2B. B. Stephens, Phys. Bev. B 8, 2896 (1973).
~P. W. Anderson, B, I. Halperin, and C. M. Varma,

Philos. Mag. 25, 1 (1971).
4W. A. Phillips, J. Low Temp. Phys. 7, 351 (1972).
~P. Fulde and H. Wagner, Phys. Bev. Lett. 27, 1280

(1971).
6B. Dreyfus, N. C. Fernades, and B. Maynard, Phys.

Lett. A 26, 647 (1968).
YH. B. Bosenstock, J. Non-Cryst. Solids 7, 123 (1972).
8L. S. Kothari and Usha, J. Non-Cryst. Solids 15, 347

(1974).
J. Jackie, Z. Phys. 257, 212 (1972).

~OB. Golding, J. E. Graebner, B. I. Halpern, and R. J.
Schutz, Phys. Rev. Lett. 30, 223 (1973).

~~S. Hunklinger, W. Arnold, S. Stein, B. Nava, and
K. Dransfeld, Phys. Lett. A 42, 253 (1972).

~2S. Hunklinger, W. Arnold, and S. Stein, Phys. Lett. A

45, 311 (1973).
~3W. Arnold, S. Hunklinger, S. Stein, and K. Dransfeld,

J. Non-Cryst. Solids 14, 192 (1974).
~4J. T. Krause, C. R. Kurkjian, D. A. Pinnow, and E. A.

Sigety, Appl. Phys. Lett. 17, 367 (1970).
~5B. W. Dixon, J. Appl. Phys. 38, 5149 (1967).
~6D. Maydan, IEEE J. Quant. Electron QE-6, 15 (1970).
~7Y. Ohmachi and N. Uehida, J. Appl. Phys. 43, 1709

(1972~.
~8D. Ng and B. J. Sladek, Proceedings of tke I"iftk Inter-

national Conference on Amorphous and I.ibid Semi-

conductors, Gati sck-ParIenkirchen, Federal Republic
of Germany, 1973, edited by J. Stuke, and W. Brenig
(Taylor and Francis, London, 1974), p. 1173.

9Daniel L, P. Ng, Ph.D. thesis (Purdue University,
1974) (unpublished).
X-Bay Powder Data File, American Society for Testing
Materials, Philadelphia, Pa.

2~Structure Report, edited by A. J. C. Wilson (N. V. A.
Oosthoek's Uitgevers MIJ, Utrecht, 1952), Vol. 12,
p. 175.

2~R. Zallen, M. L. Slade, and A. T. Ward, Phys. Bev. B
3, 4257 (1971).
M. Bubinstein and P. C. Taylor, Phys. Bev. Lett. 24,
119 (1972).
D. Adler, C. B. C. Crit. Bev. Solid State Sci. 2, 317
(1971).

25A. J. Leadbetter and A. J. Apling, J. Non-Cryst.
Solids 15, 250 (1974).

~6Shoji Tsuchihashi and Yoji Kawamoto, J. Non-Cryst.
Solids 5, 286 {1971).

~7&. M. Bermudez, J. Chem. Phys. 57, 2793 (1972).
R. J. Kobliska and S, A. Solin, Phys. Bev. B 8, 756
(1973j.

2~L. B. Zlatkin and Yu. F. Markov, Phys. Status Solidi
A 4, 391 (1971).
A. I. Lakatoa and M. Abkowitz, Phys. Rev. B 3, 1791
(1971&.

3~A. E. Owen and J. M. Robertson, J. Non-Cryst. Solids

2, 40 (1970I.
3~U. Strom and P. C. Taylor, xn Ref. 18, p- 375.
33G. Lucovsky, Phys. Bev. B 6, 1480 (1972I.

G. Lucovsky and R. M. Martin, J. Non-Cryst. Solids
8-10, 185 (1971;.

3'S. H. Wemple, Phys. Rev. B 7, 3767 '1973).
368. Zallen, B. E. Drews, B. L. Emerald, and M. L.

Slade. Phys. Bev. Lett. 26, 1564 (1971~.
~~P. C. Taylor, S. G. Bishop. D. L. Mitchell, and



ULTRASONIC INVESTIGATION OF AMORPHOUS As, S3. . . 4029

D. Treacy, in Ref. 18, p. 1267.
M. Hattori, K. Nogaya, S. Umebachi, and M. Tanaka,
J. Non-Cryst. Solids 3, 195 (1970).

39K. Kogeyma, M. Imaoka, H. Suga, and S. Seki, Fourth
Japanese Calorimetry Meeting, Tokyo, 1968 {unpub-
lished).

+V. V. Tarasov, Ne~ Problems in Physics of Glass
(Israel Program for Scientific Translations, Jerusalem,
1963), p. 180.

4~U. E. Schaus, C. T. Moynihan, R. W. Gammon, and
P. B. Macebo, Phys. Chem. Glasses 11, 213 (1970).

2M. Pollak and G. E. Pike, Phys. Rev. I ett. 28, 1449
(1972).

43P. C. Taylor, S. G. Bishop, and D. L. Mitchell, Solid
State Commun. 8, 1783 (1970).

44P. C. Taylor, S. G. Bishop, and D. L. Mitchell, Phys.
Rev. Lett. 27, 414 (1971).

5A. A. Vaipolin and E. A. Porai-Koshits, Fiz. Tverd.
Tela 5, 246 (1963) [Sov. Phys. -Solid State 5, 178 (1963)l.

+A. A. Vaipolin and E. A. Porai-Koshits, Fiz. Tverd.
Tela 5, 683 (1963) [Sov. Phys. -Solid State 5, 497
(1963)].

"F.J. »Salvo, A. Menth, J. V. Waszczak, and J. Tauc,
Phys. Rev. B 6, 4574 (1972).

+J. A. Savage and S. Nielsen, Infrared Phys. 5, 195
(1965).

49C. T. Moynihan (private communication).
W. P. Mason and H. J. McSkimin, J. Acoust. Soc. Am.
19, 464 (1947).

~~R. Kono, J. Phys. Soc. Jpn. 15, 718 (1960).
B. Hartman and J. Jarzynski, J. Appl. Phys. 43, 3304

(1972).
53D. A. Jackson, H. T. A. Pentecost, and J. G. Powles,

Mol. Phys. 23, 425 (1972).
54A. Akhieser, J. Phys. USSR 1, 277 (1939}.
55T. O. Woodruff and H. Ehrenreich, Phys. Rev. 123,

1553 (1961).
~ H. J. Maris, Phys. Rev. 175, 1077 (1966).
~7H. H. Barrett, Phys. Rev. 178, 743 (1969'.
~ H. H. Barrett and M. G. Holland, Phys. Rev. B 1, 2538

(1970).
59American Optical Corp. , Data Sheet 6078.

G. Leibfried and W. Ludwig, in Solid State Physics,
edited by F. Seitz and D. Turnbull (Academic, New York,
1961), Vol. 12, p. 275.

8 J. A. Sussmann, Phys. Kondens. Materie 2, 146 (1964).
~2S. Hunklinger, IEEE Ultrasonics Symposium, Milwaukee,

Wise. , 1974 (unpublished).
83S. W. Barber, J. Non-Cryst. Solids 13, 100 (1973).
~40. L. Anderson and H. E. Bommell, J. Am. Ceram.

Soc. 38, 125 (1955) ~

~~J. T. Krause and C. R. Kurkjian, J. Am. Ceram. Soc.
51, 226 (1968).

8~J. T. Krause, J. Am. Ceram. Soc. 49, 103 (1961', .
~7M. Dutoit, and H. S. Chen, Appl. Phys. Lett. 23, 367

(1973).
J. Durcek, J. Lewinder, and P. Biquard, C. R. Acad.
Sci. Paris 271, 737 (1970).

@J.Durcek, J. Phys. (Paris) 6, 95 (1972).
7 R. Zallen and M. Slade, Phys. Rev. B 9, 1627 (1974).
~~I. Z. Kostadinov, Phys. Lett. A 36, 471 (1971).
7 J. Lange, Bull. Am. Phys. Soc. 19, 337 (1974).


