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We have measured the attenuation of longitudinal and shear ultrasonic waves in
(Agl),(AgPO;),_, glasses, with 0 <x <0.39, at temperatures between 80 and 360 K. We observe a
large attenuation contribution, which increases with increasing frequency or Agl content. In sam-
ples with x = 0.31, this attenuation goes through a single broad peak as a function of temperature.
The peak occurs at a higher temperature the greater the measuring frequency and its height in-
creases with Agl content. These effects indicate that Ag-ion relaxation processes are involved. We
fit our attenuation peaks and the internal friction peaks of Liu and Angell by using a modification of
the “universal” relaxation function that Jonscher developed to account for non-Debye dielectric re-
laxation. From the fits we deduce relaxation activation enthalpies, exponents of the
frequency-relaxation-time product, and relaxation amplitudes. We associate the activation enthal-
pies with potential barriers between alternative Ag sites, which may be affected by ion-ion correla-
tion, discuss ways of accounting for the exponents, and account for the amplitudes by using different
deformation potentials for Ag ions surrounded by oxide ions and for Ag ions surrounded by iodide
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ions, with both deformation potentials decreasing as Agl content increases.

I. INTRODUCTION

Fast-ion conducting glasses have drawn substantial at-
tention in recent years because of their possible use as
solid electrolytes and the desire to understand how a
disordered structure affects the fast ionic dynamics.
Several studies have involved phosphate or borate glass
systems containing Agl or Lil because of their high ionic
conductivities, stability, and relative resistance to attack
by moisture. These glasses can be readily prepared by
quenching their melts to room temperature.

The system of (Agl) (AgPOj;),_, glasses has been of
particular interest. These glasses can be produced in a
wide range of compositions (0 =x <0.55) without need
for fast quenching techniques.! Rapid quenching extends
this range up to 80% Agl.? Their ionic conductivity at
room temperature is relatively high (e.g., 0.11 Q@ 'm™!
for x =0.4),% and can be further enhanced? by mixing
with B,0;. Such mixed glasses have found commercial
application as electrolytes in low current, long-shelf-life

batteries.
Mechanical energy-loss measurements on

(Agl), (AgPO;);_, glasses have hitherto involved low-
frequency (=110 Hz) mechanical vibration measure-
ments' or hypersonic (Brillouin) scattering of light.*
These studies have revealed a non-Debye relaxation peak
that is higher the greater the Agl content and becomes
sharper at the highest frequencies.

We decided to investigate energy loss at ultrasonic fre-
quencies to determine how it would compare with that in
the other frequency ranges and to find a functional form
to fit the loss peaks. As will be seen, our results are a nat-
ural extension of the low-frequency results but have the
advantage of providing longitudinal as well as shear-wave
losses.

From fitting a non-Debye relaxation to our shear-wave
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results and/or the low-frequency mechanical-loss data of
Liu and Angell, we deduce activation enthalpies, ex-
ponents of the frequency-relaxation time product, and de-
formation potentials.

II. EXPERIMENT

A. Samples

Preparation of the (Agl), (AgPO;),_, samples used in
this study has been described elsewhere. !> The samples
were 5-6-mm-thick clear disks, with a yellow tint that
became more pronounced with increasing Agl concentra-
tion.

Upon inspection between crossed polarizers, all sam-
ples except the x =0.31 sample showed roughly sym-
metric patterns that did not rotate when the sample was
rotated. This might indicate either (i) radial internal
strains or (ii) an average radial symmetry of PO, chains
in Agl-AgPO; glasses. We looked for any effect this ap-
parent anisotropy might have on the shear modulus by
measuring velocities and attenuations at 5 MHz with the
polarization of the transducer aligned parallel, and then
perpendicular, to a radial line. Different transducer
orientations failed to show significant differences, assur-
ing that effects due to anisotropy were below measurable
limits.

B. Ultrasonic production and detection

Ultrasonic pulses were produced by applying 2-3-us-
wide rf pulses from a Matec 6000 generator receiver to an
X-cut or ac-cut quartz transducer attached to the sample.
The ultrasound traveled to the far end of the sample
where it was reflected for the return trip to the transduc-
er, which converted some of each echo back into rf to be
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amplified by the receiver section of the Matec unit. rf or
video pulses from the receiver were displayed on an oscil-
loscope or sent to a Matec 2470 attenuation recorder, re-
spectively.

Attenuation was measured directly from the height of
the echoes displayed on the oscilloscope, or by the at-
tenuation recorder, which would select two echoes by a
gate and compare them in a logarithmic differential
voltmeter circuit. Of the two methods, using the Matec
2470 was less tedious and normally capable of greater
precision, but was prone to inaccuracy if the first echo
was too small.

From room temperature down to about 180 K, Dow
Corning 276-V9 resin served as a good bonding agent. A
very small drop of the agent was placed on the sample
face and heated with a blow dryer until the normally
viscous resin flowed easily (about 60—-80°C). The trans-
ducer was then placed on the sample and pressed down
hard with a rubber eraser to squeeze out any excess resin.
Achieving a thin, uniform bond was important. With
practice, reasonable echoes could be obtained in about a
third of the attempts.

Below 200 K, Dow Corning 200 fluid was used for both
longitudinal and shear waves. It freezes to form a con-
sistently high-quality bond that will support both shear
and longitudinal waves with small loss, but may fail upon
further cooling if the thermal expansion of sample, bond,
and transducer differs significantly.

The sample, with attached transducer, was held by a
spring-mounted sample holder and placed in an evacu-
able chamber within the liquid-nitrogen reservoir of a
Dewar flask. By evacuating the chamber, the cooling
rate could be held to less than 0.5°C/min, allowing data
to be taken while cooling. Temperature was monitored
by measuring the voltage drop across a calibrated plati-
num resistor carrying a constant 100 uA current.

C. Sources of extra attenuation

Once a good-quality bond is achieved, the measured at-
tenuation still contains contributions besides that of pri-
mary interest (i.e., attenuation due to Ag-ion motion).
These “extra” contributions are due to ordinary glassy
relaxation processes® not associated with Ag-ion motion,
diffraction of the ultrasonic waves,’ and slight nonparal-
lelism of the sample faces.” Since estimates of these con-
tributions and that of the bond are of uncertain accuracy,
we determined a background attenuation empirically
from the attenuation data and used it to obtain results to
be analyzed for Ag-ion relaxation effects.

III. ULTRASONIC ATTENUATION

In AgPO; glass we found that the attenuation® was

generally similar to that in ordinary glasses so that in-
stead of showing data plots for it we summarize our re-
sults as follows. The attenuation of 5 MHz longitudinal
waves increased gradually with increasing temperature
from 0.164-0.01 cm ™! at 197 K to 0.20£0.01 cm ™' at 296
K. The 5 MHz shear-wave attenuation also increased,
rising from 0.44+0.01 cm ™' at 207 K to 0.65+0.01 cm™!
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at 296 K. Above room temperature, the longitudinal-
wave attenuation began to rise more steeply, reaching
0.43 at 360 K. This additional rise is attributed to the ap-
proach to the glass transition at 460 K.

The 15 MHz longitudinal- and shear-wave attenuations
in AgPO, were nearly three times those observed at 5
MHz in the more limited temperature range of the 15
MHz measurements.

The nearly linear frequency dependence and gradual
rise with increasing temperature of the attenuation in
AgPO; glass are similar to those seen’ in As,S; and other
glasses, although the attenuation in AgPO; glass is larger
than in glasses not containing metal ions.

In contrast to our results on AgPO; glass, we found
that the attenuation of both longitudinal'® and shear
waves in (Agl), 3,(AgPO3), o glass went through a very
broad peak centered near 290 K. The longitudinal-wave
peak rose 0.29 cm ™! above a background attenuation of
0.46 cm ™ 1.

Our x =0.39 sample showed a large peak in both the 5
MHz longitudinal- and shear-wave attenuation, centered
near 240 K, which shifted to 220 K when 2.35 MHz was
used. (See Fig. 1 for shear-wave results.) No echoes
were observable at 10 MHz or higher frequencies. The
attenuation peak was larger for shear waves than for lon-
gitudinal waves. Both extended over a very broad tem-
perature range.

Due to a large increase in the ultrasonic attenuation as-
sociated with the glass transition we could not discern a
high-temperature peak like that reported by Angell and
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FIG. 1. Attenuation results obtained using 2.35 and 5.0 MHz
shear waves in (Agl)y 30(AgPO3)y ¢, glass vs temperature. Re-
sults for x =0 and 0.31 are not shown to avoid clutter. The
symbols give our experimental results. The curves were ob-
tained by fitting Eq. (1) to the data as indicated in the text with
the background attenuation b, +b,T given by the short-dashed
line for 5 MHz and the long-dashed line for 2.35 MHz.
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others at low frequencies for x =0 and 0.2 glasses. The
ultrasonic attenuation peak that we study corresponds to
the low-temperature peak of Angell et al., which has
shifted to higher temperatures at our higher measuring
frequencies.

Repeated measurements of the attenuation occasional-
ly produced subsidiary minor peaks in the attenuation,
superimposed on the main peak. These minor peaks'® did
not occur in all samples and could be made to disappear
in a given sample by simply moving the transducer to
another location on the sample face. The dependence on
transducer location indicates that the minor peaks were
due to small local fluctuations in the glass composition
and, presumably, would not occur if the sample were
completely homogeneous.

A. Modeling the Ag-ion relaxation

Relaxation effects in the ultrasonic attenuation of an
elastic material are traditionally described in terms of the
Debye model. A single Debye relaxation peak is too nar-
row!! to fit either the observed mechanical or dielectric
relaxation peak in (Agl), (AgPO;),_, glasses. This is not
unusual for glasses. Indeed, many other materials also
exhibit non-Debye relaxation effects.!>!3 Such behavior,
which implies nonexponential relaxation in the time
domain, is commonly explained in two different ways.
One way involves using a sum of exponential relaxations
characterized by a distribution of relaxation times w (7).
Such behavior is normally associated with a picture of
parallel relaxation, in which each degree of freedom is al-
lowed to relax independently. This yields a response
function q(t)=q0f8°w(7')e*’/fdr. This method is con-
ceptually simple, and can account for any reasonable
g (t), and its transform in the frequency domain, if the
weight distribution w (7) is chosen suitably. It is often
criticized, though, because w(7) is not understood in
terms of microscopic processes.

The alternative way, which we will use, assumes that
the relaxation behavior is nonexponential at the atomic
level because of cooperative motion within a hierarchy of
dynamical constraints. This is a series interpretation, in
which the path to equilibrium involves many sequential
correlated steps. Models of such many-body relaxations
have been suggested by Jonscher, !>!* Ngai and White, !°
and Palmer et al.'®

We will summarize the work of Palmer et a as be-
ing especially illustrative. They have suggested a class of
models for glassy relaxation under such hierarchically
constrained dynamics, without providing any detailed
mechanism. In their model, the fastest degrees of free-
dom might involve single-atom motion. Other atoms, or
groups of atoms, might only be able to move appreciably
when several of the fastest happen to move in just the
right way, perhaps by leaving a vacancy or weakening a
bond. Depending on assumptions made about the num-
ber of fast degrees of freedom needed to form a particular
state before a slower degree of freedom may move, their
models can predict either exponential (e ~%), stretched ex-
ponential (e "ﬁ), or power-law (¢ ") relaxation.

In the (Agl),(AgPO;),_, glass system the mobile Ag
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ions are the fast movers, which we expect to be surround-
ed by oxide or by iodide ions, or by some combination
thereof, in view of the structure of crystalline AgPO; and
the presence of Agl regions within the glass. (More will
be said about this later.) The iodide cage in the Agl re-
gions and the oxide cage comprised of oxide ions in three
different phosphate chains will shift in response to Ag-ion
motion via rapid modes since slower modes will be
suppressed by new silvers occupying the vacated Ag sites.
However, when particular Ag configurations are attained,
slower iodide and phosphate movements may occur.

We found general expressions that were capable of
describing both our own data and also the low-frequency
mechanical tand (=Y"/Y’, where Y=Y'+iY" is the
complex Young modulus) results of Liu and Angell (see
Fig. 2). The relation fitting our ultrasonic data combined
a background attenuation that rose linearly with increas-
ing T with slightly modified Jonscher ‘“‘universal” relaxa-
tion function, as adapted by Almond and West!”!8 to de-
scribe Na-ion relaxation in [B-alumina. Following Al-
mond and West, we used a single characteristic relaxa-
tion time 7, rather than the two times used in Jonscher’s
original expression. The attenuation relation is

Aw — —n—
=b,+ T+ m 1—n 1
a 0 bl v ,[(0)7’) (0T) ] ) (1)

. . . E,/kT
where v is the ultrasonic wave velocity and 7=r7ge .

The constant b, includes any background attenuation
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FIG. 2. Mechanical energy loss in (Agl),(AgPO;),_., glasses
at 110 Hz. Results are shown for only three concentrations to
avoid clutter. The symbols give data from Ref. 1. The curves
were obtained by fitting Eq. (2) to the data as indicated in the
text with §,=0.0020, 0.0012, and 0.0011 at x =0.1, 0.3, and 0.5,
respectively, and §; =0 for all three concentrations.



43 ULTRASONIC ATTENUATION AND INTERNAL FRICTION IN . ..

due to diffraction and bond effects, the diffraction contri-
bution varying inversely with ultrasonic frequency.” We
attribute the b, T term mainly to ‘““ordinary” glassy relax-
ation processes, which, in view of data on nonsuperionic
glasses, we expect to increase nearly linearly with fre-
quency.

The analogous expression for the mechanical relaxa-
tion tand is

tan6=50+51T+—‘;—[(m)—m+(m)‘*"]—‘. )

Because the tand measurements were performed at lower
temperatures than the ultrasonic attenuation measure-
ments, the 8,7 term in the background was very small in
all but the x =0 sample. It was set equal to zero during
the curve fitting process.

In order to account for the effects of temperature on
the relaxation strength, the third term in Egs. (1) and (2)
includes a 1/T factor that is based on Jackle’s theory!’
for relaxation due to motion of ions between alternative
positions representable by a double potential well. Later
we shall also use ideas from Jackle’s theory to account for
the amplitude factor 4.

Before discussing the exponents and relaxation time in
Egs. (1) and (2), we would like to point out that the
reason we have used the Jonscher-based relaxation term
is that it fits internal friction data much better than does
a form based on a stretched exponential e ~@/7” in which
[ is independent of temperature. The Appendix contains
a figure showing fits of internal friction data achieved us-
ing the Jonscher-based form and a stretched exponential-
based form. We have not tried using a two-exponent-
containing expression based on the Havriliak-Negami
function [1+(iw7)!~%]7#, which is useful for fitting the
frequency dependence of dielectric relaxation in poly-
mers, because those authors found that their a and S, as
well as 7, had to vary with temperature in order to fit ex-
perimental results.? In contrast, our fits are achieved
without this complication, i.e., our exponents do not de-
pend on temperature.

Jonscher’s analysis'* for dielectric relaxation via tun-
neling interprets the exponents m and 1—n in terms of
the behavior of correlated two-level systems having a
range of energies. The precise form of the distribution of
system energies is not critical to his analysis, but he gives
it a characteristic width 2§. If the typical switching po-
tential due to the abrupt dipolar or charge-carrier “flip”
from one minimum of a double potential well to the other
is V,, then the low-temperature exponent 1—n in the
Jonscher relation has n =V, /2&)%

Similarly, if the average switching potential for two
neighboring two-level systems to have two ions shift in
opposite senses is V,; the high-temperature exponent m
is given by m =V, /2£|?, where 2§ is the maximum en-
ergy spread of these ‘“flip-flop* associated transitions.
When the relaxation time 7 is sufficiently short, these
latter transitions do not have time to intervene. In this
case, the limiting low-frequency response is proportional
to w, i.e., m =1.

Whether or not the Jonscher function actually
represents some type of microscopic physical process is
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not known, although the Palmer et al. description can
yield Jonscher’s power-law relaxations, and Dissado and
Hill'® attempt to make such a representation. We have
used the Jonscher function because it enables us to fit an
entire peak remarkably well with a single relaxation func-
tion involving a single relaxation time plus background
terms.

Because of not having data at enough different frequen-
cies to determine 7, and E, independently, we chose
To=4.61X 10" !* sec corresponding to the 115 cm ™' Ag-I
Raman mode?! to fit both our ultrasonic attenuation re-
sults and the 110 Hz internal friction data of Liu and
Angell. [Use of a 7, value for AgPOj; derived from the 60
cm ™! Ag-O mode yielded about the same values for the
parameters in Eq. (2) as did the 7, value obtained from
the 115 cm™! Ag-I mode, so the latter was used for all
samples.] The E, values we found by fitting our ultrason-
ic data and the Liu and Angell tand data are plotted in
Fig. 3. It can be seen that the E, values from both sets of
data agree and that E, =(0.49 eV)(1—0.81x), where x is
the fractional Agl content. Extrapolation to x =1 gives
0.093 eV for pure Agl in excellent agreement with the
value of 0.095 eV for crystalline a-Agl.?> The E,’s we
associate with potential barriers between alternative Ag
sites although we have not been able to develop a model
that can account for their values. Furthermore, ion-ion
correlations might result in the observed activation
enthalpies not being associated with barriers to one body
motion. For example, Ngai et al. found®® that the nu-
clear spin-relaxation energy for some (Na,0), (GeO,),_,
glasses is about equal to 8 times the conductivity activa-
tion energy where S is the exponent in the Kohlrausch-
Williams-Watts®* stretched exponential relaxation func-
tion e /7", Thus they suggest that the conductivity re-
laxation energy does not equal the microscopic barrier
between two adjacent wells because of ion-ion correlation

0.8 T T T T
O From data in Ref. 1
A Present work
0.6 O Ref. 23 .
—— 0.49 eV (1-0.81x)
s
2 0.4
©
w
0.2
(Agl)x (AgPO3)¢. glass
0‘ 1 1 1 L
8.0 0.2 0.4 0.6 0.8 1.0
X
FIG. 3. Relaxation rate activation enthalpy for various

(Agl),(AgPO3),_, glasses and for the a-Agl crystal at x =1.
We deduced the values for the glasses from 5.0 MHz ultrasonic
attenuation data (present work) and 110 Hz mechanical loss
data (Ref. 1). The a-Agl value was taken from Ref. 23. The
line represents the best fit to these data.
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(which is indicated by 1—f3 not being zero.) Whether or
not analogous concepts are relevant to the interpretation
of our E, values is not known. It should be noted that
our E, values are equal, to within experimental error, to
those obtained from the electric modulus or conductivity’
of samples from the same source (Liu and Angell) as ours.
The fact that the mechanical-loss peak is wider than the
dielectric-loss peak (as found in Ref. 1) implies that al-
though Ag ions are involved in both types of relaxation,
mechanical loss must also involve motion of some nonpo-
lar entities comprised of a Ag ion and some of its sur-
rounding ions. Such motion would be consistent with
that responsible for the Ag-I Raman mode whose fre-
quency we have used in our analysis.

From our fits to the 110 Hz measurements of Liu and
Angell, we find that the high-temperature (low-frequency)
exponent m decreases with increasing Agl content from
0.63 at x =0.1 to 0.32 at x =0.5 before rising again to
0.41 at x =0.6. A value of m is difficult to obtain for the
x =0 sample because the character of the background
loss changes at that temperature from essentially con-
stant to rapidly increasing as the high-temperature peak
is approached. A good estimate for m at x =0 would be
about 1.3.

At the same time, the low-temperature (high-
frequency) Jonscher exponent 1—n falls slightly from
0.29 at x =0 to 0.21 at x =0.2 before rising to 0.43 at
x =0.5 and 0.41 at x =0.6.

The exponents m and 1—n are quite different for Agl
content less than 30% but very nearly equal at Agl con-
centrations of 50% and 60%. The high values of m for
low Agl content suggest a change in the degree of locali-
zation such that only back and forth hopping occurs at
low concentrations, while consecutive hops can occur
above a percolation threshold at x =0.3.

Using 5 MHz shear waves, the high-temperature ex-
ponent m falls from 1.23 at x =0.31 to 0.88 at x =0.39.
The low-temperature exponent 1—n falls slightly from
0.28 at x =0.31 to 0.26 at x =0.39

Jonscher says that, for dielectric relaxation, sharpening
of the peak corresponding to an increase in m and a de-
crease in n as T increases is understandable in terms of
more structural disorder reducing the correlation flip
transitions but increasing the correlation of flip-flop tran-
sitions.

The values of the amplitude factor A4 obtained by
fitting Eq. (2) to the Liu and Angell data are shown in
Fig. 4. They satisfy the empirical expression
A =(0.60+10.66x%7") K, where x is the fractional Agl
content. Although seemingly peculiar, this form for A4
can be explained in terms of the energy loss due to hys-
teretic hopping of Ag ions between alternative sites as a
consequence of elastic wave modulation of the energy
difference between the sites. The structure of the glasses
allows two kinds of alternative site systems.

One type of alternative site system is associated with
the silver ions between chains of PO,  tetrahedra in
(AgI), (AgPO;),_, glasses. This system was inferred
from the fact that five oxide ions surround each Ag ion in
crystalline AgPO;. In view of the small density of tunnel-
ing states in most glasses, only a certain fraction, f, of the
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FIG. 4. Silver-ion relaxation amplitude factor in

(Agl),(AgPO;),_, glasses at 110 Hz. Symbols give A values
determined by fitting Eq. (2) to data from Ref. 1. The curve
shows how Eq. (3) can fit the 4 values when the Ag-I
deformation-potential values are chosen appropriately (see text).

oxide-surrounded silvers are likely to contribute to
mechanical energy loss. Elastic wave modulation of the
energy difference between the alternative Ag sites in this
environment will be represented by means of a deforma-
tion potential D 5,.¢.

Another type of alternative site system is due to re-
gions of Agl in (Agl),(AgPO;),_, glasses, which are
similar in local order to that of crystalline a-Agl. Within
these regions the silver ions are surrounded mainly by
iodide ions. Essentially all of these silvers contribute to
mechanical energy loss. These sites are analogous to the
tetrahedral Ag-ion sites within the bce iodide ion lattice
of a-Agl. Elastic wave modulation of the energy
difference between alternative iodide-surrounded Ag sites
will be represented by means of a deformation potential
Essentially all iodide-surrounded silvers are
thought to contribute to mechanical energy loss in the
present glass system because essentially all silvers seem to
be mobile in a-Agl, as inferred from electrical conduc-
tivity and EXAFS measurements,?> and molecular-
dynamics calculations. 2

An expression for 4 based on the above considerations
is

D -

(N/V)agl(1=x)fDigo + XD}, ]
2kyY ’

(3)

where (N /V),, is the number of silvers per unit volume
equal to 1.43X10?%(1+0.15x) cm ™3, kj is Boltzmann’s
constant, and Y is Young’s modulus [=3BC,/
(B +1C;)=2.7310"(1—0.845x) d/cm?], which is ap-
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propriate for the internal friction data. (For A4 obtained
from ultrasonic shear-wave attenuation, Y would be re-
placed by the shear modulus, C7.)

Before proceeding further, it is appropriate to note that
neither this expression for A4, nor the preceding discus-
sion, takes explicit account of the possibility of energy
loss due to Ag ions moving at the interface between the
Agl regions and the PO, chains. This was not done be-
cause such a contribution is thought either to be negligi-
ble and/or to be taken care of by the fact that D, o and
D 4,1 seem-to depend on Agl and AgPO; contents for the
reasons given below.

We obtain values for D ,, o by using an empirical rela-
tion for covalent glasses?® that connects the deformation
potential to the glass temperature, Tg, i.e.,
Dj,0=8.12X107*T, eV. Since in the present glass
system T,~460(1—0.43x) K, then D,,=0.372(1
—0.43x) eV. Using the experimental values of A4, Y, and
(N/V)ag for x =0, along with D,,5=0.372 eV for
x =0, yields a value for f of 8.9X 10 °. The resonable-
ness of this value can be seen by using it to calculate a
density of states for comparison with the density of low-
temperature tunneling states in various glasses. Dividing
(N/V)apf by the maximum reasonable range of energy
states, kpT,, one obtains 2X 10** erg”'cm™3. In com-
parison, a value of 2X 102 erg”!cm™3 has been found
for covalent glass?® of comparable T, and a value of
1X10% erg~!em™3 for (B,03)(Li,0), s(LiCl), ; superion-
ic glass.?’” All these densities of states imply tunneling
site concentrations that are much smaller than the ionic
concentrations. 2%2°

Assuming that the fraction of oxide-surrounded silvers
that contribute to mechanical energy loss is independent
of concentration, we proceed by requiring Eq. (3) to fit
experimental values of A4 for x >0 [using appropriate
values for (N/V),, and Y of course]. This yields
D\, =~0.22(1—0.88x) eV. Thus, D,,; decreases more
rapidly with increasing Agl content than if it were pro-
portional to the glass temperature, since T, ~(1—0.43x)
as mentioned above. Extrapolation of the above expres-
sion for D,,; to x =1 yields D,,;=0.026 eV, which
would imply very small phonon—Ag-ion coupling and re-
laxational elastic energy loss due to Ag motion in Agl.

IV. SUMMARY

We have made a determination of mechanical energy
loss at ultrasonic frequencies for (Agl),(AgPO;),_,
glasses, with 0 <x <0.39.

Ultrasonic attenuation data of ours and low-frequency
mechanical-loss data of Liu and Angell in
(Agl), (AgPO;),_, glasses have large contributions due
to relaxation processes that are consistent with thermal
activation of Ag ions between alternative sites describable
by a Jonscher ‘“‘universal” relaxation function. The ac-
tivation energies (actually enthalpies) determined at our
ultrasonic frequencies are very close to those determined
at 110 Hz by Liu and Angell for comparable Agl concen-
trations and to those obtained from electrical measure-
ments by Mangion and Johari using samples provided by
Liu and Angell (as were ours). This confirms that the use
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FIG. 5. Internal friction vs temperature data in

(Agl)y 40(AgPO;)g 6o glass and curves calculated to fit the data.
The dashed KWW curve was derived for a time domain relaxa-
tion of e ~/7* where B=0.36 and r=roe * "' with E,=0.310
eV. The solid Eq. (2) curve was calculated using m =0.37,
1—n=0.31, and r=rge ¢ " with E, =0.310 eV. For both cal-
culated curves 7,=4.61X 10" s,

of an Arrhenius form for the relaxation time is appropri-
ate over a frequency span of five orders of magnitude.
The high- and low-temperature Jonscher exponents of the
frequency—relaxation-time product in the Jonscher func-
tion m and 1—n, respectively, are different for the two
frequency ranges, indicating that cooperative relaxation
effects are either temperature and/or frequency depen-
dent.

The amplitude of the silver-ion relaxation can be inter--
preted in terms of strain-induced shifts of energy levels
involving a weighted sum of the squares of two deforma-
tion potentials. Values of the deformation potential for
the relaxation of silvers in an oxide environment (D 5, )
were estimated from the glass temperature and thus de-
creased as Agl content increased. The other deformation
potential (D4, ), for the relaxation of silvers in an iodide
environment, decreased about twice as strongly with in-
creasing Agl content as did D,, . This is consistent
with cooperative relaxation in the iodide-rich regions, as
the silver-phonon coupling would be affected by changes
in the environment of neighboring silvers.
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APPENDIX
The ultrasonic attenuation we measured and the low-

frequency internal friction in  Ref. 1 for
(Agl), (AgPO;),_, glasses each exhibits a relaxation
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peak as a function of temperature, which we found is well
fitted by an expression having a term containing the
Jonscher function [(w7) ™"+ (w7)!™"] 7! divided by tem-
perature as indicated in the body of this paper. Many in-
vestigators have tried to fit non-Debye relaxations with
an expression based on the Kohlrausch-Williams-Watts
(KWW) stretched exponential e~ 7 in which 7 is the
relaxation time and B<1, and indeed Liu and Angell'
made such an attempt to fit their internal friction data.
Therefore we present Fig. 5 to show that the KWW form
does not fit internal friction data as well as the expression
that we have employed in this work.
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