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We have measured the transit times of longitudinal and shear ultrasonic waves in
(Agl),(AgPO;),_, glasses, with 0<x <0.46, at temperatures between 80 and 360 K and at pres-
sures up to 4 kbar at 196 K and/or 296 K. We have also measured the thermal expansivity of
(AgD,(AgPO;),_, glasses with x =0 and 0.31 between 90 and 295 K. From the transit-time data,
we found that all the elastic stiffness moduli decrease with increases in Agl content or temperature.
However, all moduli increase with increasing pressure. The shear-to-bulk modulus ratio, C1 /B, is
close to 0.25, the value calculated by Bergman and Kantor for a material having a one-dimensional
backbone and an interstitial fluid near the percolation limit. The Cy /B ratio decreases as Agl con-
tent or pressure increases, indicating a reduction in structural stability and that a structural phase
transition involving macroscopic shear may occur at high pressure. The temperature dependence of
each elastic modulus has a component due to elastic anharmonicity and, in some samples, an
inflection due to Ag-ion relaxation which occurs at a lower temperature the higher the Agl content.
The pressure dependences of the elastic moduli yielded positive ultrasonic mode Griineisen parame-
ters and an average high-temperature Griineisen parameter greater than the mode Griineisen pa-
rameters deduced from the temperature dependences of the moduli or from thermal expansion data.
While the latter Griineisen parameters agreed at room temperature the thermal Griineisen parame-
ters fell as temperature decreased and became negative at about 155 K for the x =0 sample, indicat-
ing the importance of excitations having a negative anharmonicity parameter (mode Griineisen pa-
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rameter).

I. INTRODUCTION

Fast-ion conducting glasses have drawn substantial in-
terest in recent years,! both because of their possible use
as solid electrolytes and because they offer the theoretical
challenge of understanding how a disordered structure
could affect the fast-ionic dynamics. Several studies have
focused on phosphate or borate glass systems combined
with a metal halide, usually Agl or Lil, due to their high
ionic conductivities, stability, and relative resistance to
attack by moisture. These materials can be readily ob-
tained as glasses merely by quenching their melts to room
temperature.

The system of (Agl), (AgPO;),_, glasses has been of
particular interest. These glasses can be produced in a
wide range of compositions (0<x <0.60) without need
for fast-quenching techniques.> Rapid quenching extends
this range up to 80 mol % 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,O;. Such mixed glasses have found com-
mercial application as electrolytes in low-current, long-
shelf-life batteries.

Elastic measurements on (Agl), (AgPO;),_, glasses
have hitherto involved low-frequency (<110 Hz)
mechanical-vibration measurements” or Brillouin scatter-
ing of light.> The former yielded values for Young’s
modulus (at low frequencies) while the latter yielded re-
sults at hypersonic frequencies (5—-12 GHz). The velocity
values deduced from the latter suffered from uncertainty
in how well the dielectric constant was known.

To obtain more complete and accurate information
about the elastic constants of (Agl), (AgPO;),_, glasses,
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we measured, and report herein, the results of measure-
ments of the transit times of both longitudinal and shear
ultrasonic waves at various temperatures and pressures.
From these results (and our thermal-expansivity data,
when necessary) we deduce the elastic stiffness moduli of
each type of wave and use them to calculate the bulk
modulus.

The behavior of the ultrasonic velocity as a function of
temperature may involve two difficult-to-separate contri-
butions: (1) anharmonic effects and (2) thermally activat-
ed relaxation processes of the fast Ag* ions, which were
discussed in detail elsewhere.® Therefore we have deter-
mined the derivatives of the elastic moduli as functions of
hydrostatic pressure at 196 K and/or 296 K.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

A. Sample preparation

The (Agl),(AgPO;),_, samples used in this study
were prepared by C. Liu of the Department of Chemistry
of Purdue University by methods described elsewhere.?
The samples produced were 5—6-mm-thick clear disks,
with a yellow tint that became more pronounced with in-
creasing Agl concentration.

Each sample was polished against a flat plate using a
succession of silicon carbide and alumina powders in wa-
ter suspension. In this way, opposite faces were prepared
flat to within two interface fringes of helium light, and
parallel to within 10™* rad.

Densities were measured at room temperature by im-
mersion in distilled water and are shown in Table I. Sam-
ple lengths were determined using a micrometer and also
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TABLE I. Room-temperature characteristics of (Agl), (AgPO;),_, glass samples used in this study.

Sample Density C, Ct

x (g/cm?) (10'" dyn/cm?) 9C, OCr
oP oP

0.00 4.449 4.99 0.992 8.47 0.73
0.11 4.675 4.67 0.902 9.60 0.89
0.21 4.852 4.29 0.826 9.68 0.88
0.31 5.048 3.99 0.751 9.37 0.85
0.39 5.263 3.72 0.677 9.73 0.78
0.41 5.256 3.49 0.635 10.02 0.79
0.46 5.320 3.45 0.591 10.49 0.70

using an electronic gauge and standard gauge blocks.
Lengths could be determined to within +0.0003 cm.

Each sample was inspected visually under a binocular
microscope. The focal plane of the microscope was
moved up and down to allow defects to be viewed
throughout the material. All samples had a few bubbles
in them of diameter <50 pm, presumably stemming from
the act of pouring the molten glasses into the brass mold.
We estimate that there were about 100 bubbles per cubic
centimeter, so that scattering from them would be ex-
pected to produce a contribution to the ultrasonic at-
tenuation’ of less than 0.05 cm ™! and not enough phase
shift to significantly affect the echo-overlap frequency
significantly. This attenuation contribution is small com-
pared to the total measured attenuation.®

The fractional concentration of Agl in each sample
was determined by means of x-ray fluorescence using the
Kevex XRF-0700 and the Kevex Micro-X700 analytical
spectrometer of the Purdue University National Science
Foundation Materials Research Laboratory (NSF-MRL)
Central Analysis Facility. This yielded a value of x accu-
rate to within =0.01. Our x values were very close to
those expected from preparation information provided by
Liu,® who suggested, however, that a small loss of P,Os
gas might have occurred during preparation in some
cases. From our concentration determinations any such
loss must have been insignificant.

B. Thermal expansion

A commercial quartz-pushrod dilatometer (Dilatronic
Model 201C) was used to measure the change of sample
length as temperature was lowered below 296 K by
suspending the assembly in the gas chamber of a Dewar
containing liquid nitrogen. Temperature was monitored
with a copper-Constantan thermocouple, which was at-
tached to the sample with masking tape.

The dilatometer was calibrated by measuring the con-
traction of a copper standard (NBS standard reference
material 736) and comparing the result to published NBS
values. The differences between the values we measured
for copper and the NBS values were used to correct the
values we measured for our glass samples. The corrected
glass values differed by less than 10% from the measured
values. We estimate a +5% accuracy for the corrected
glass expansivity values.

C. Ultrasonic experiments

Commercial X-cut and ac-cut quartz transducers (Val-
pey Crystal Corporation) plated with chrome gold were
used to convert the rf input pulses to longitudinal and
shear ultrasonic pulses, respectively. Dow Corning 276-
V9 resin and 200 fluid served as the bonding agents.

The sample, with attached transducer, was mounted in
a spring-loaded sample holder and suspended in a nitro-
gen Dewar. By evacuating the Dewar, the cooling rate
could be held to less than 0.5 °C/min, allowing data to be
obtained while cooling. Temperature was monitored by
measuring the voltage drop across a calibrated platinum
resistor carrying a constant 100 A current.

Longitudinal and shear wave velocities (¥ and V', re-
spectively) were determined from the transit times of ul-
trasonic waves using the pulse-echo-overlap tech-
nique.”!® With some care, changes in the velocity could
be determined to within a few parts in 10°. However, the
absolute values of the transit time and the velocity of the
ultrasonic wave pulse were much less accurate due to va-
garies in the thickness of the material bonding the trans-
ducer to the sample. When a transducer was removed
and reattached, the observed overlap frequency some-
times shifted by as much as 0.1%.

Our velocity results were used with our density data
and thermal-expansivity results to calculate the longitudi-
nal, shear, and bulk elastic moduli (C;, Cy, and B, re-
spectively) using the formulas

CL=pVi, (1
Cr=pV1, (2)
B=C_—Cy, (3)

where p is the density.

Hydrostatic pressure was applied to our x =0 and 0.31
samples by means of motor oil at 296 K, or an
isopentane-pentane mixture at 196 K. The pressure fluid
was supplied to the cylindrical steel pressure vessels in
which the sample was mounted by means of a commer-
cial (Aminco) pump and pressure intensifier system.
Pressures were measured by means of a Bourdon Gauge.
Cook’s method!'! was employed to correct the transit-
time data for changes in the sample’s size due to pressure.

Since the pressure dependences of the elastic moduli of
crystalline, wurtzite phase Agl exhibit considerable hys-
teresis in this pressure regime,'? overlap frequencies were
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measured at closely spaced intervals while both increas-
ing and decreasing pressure. No hysteresis was observed
in any of our samples.

III. RESULTS AND DISCUSSION

A. Thermal expansivity

We measured the length change of two of our samples
from 295 K down to 90 K. The results of our AgPO,
glass sample are shown in Fig. 1. Data on our
(Agl)g 3;(AgPO3), ¢o glass sample were generally similar
but exhibited more scatter and are not shown to avoid
clutter. We found that the thermal-expansion coefficient,
defined as

Ldl

a(T)= , @)
1295K aTr

is (23£1)X107® K™! for both AgPO; glass and

(AglD)g 3,(AgPO;)y ¢ glass at room temperature. This

value remains fairly constant down to 200 K, where it be-
gins to fall, and passes through zero at about 153 K for
AgPO; and at about 140 K for the 31 mol % Agl sample.
At 100 K the coefficient for both samples is —20X 10~°
K~'. No previous thermal expansivity measurements
have been reported for (Agl), (AgPO;),_, glasses or even
for crystalline AgPO;.

The thermal expansions of the two samples were so
similar, in spite of their different concentrations, that it
was deemed unnecessary to measure additional samples.
These results indicate that the thermal expansion is dom-
inated by the presence of chains of corner-connected PO,
tetrahedra in (Agl) (AgPO;),_, glasses,'*!* and is not
greatly affected by the presence of as much as 31 mol %
Agl.

Thermal-expansion data can be used to calculate a
thermal Griineisen parameter from experimental quanti-
ties (if their values are known) by means of the relation

Yw=3aVBy/C,=3aVB/C, , (5)

where a is the linear-expansion coefficient, V is the
volume, By is the isothermal bulk modulus, B the adia-
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FIG. 1. The thermal expansivity of AgPO; glass as a function
of temperature.
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batic bulk modulus, and C, , are the heat capacities at
constant volume and pressure, respectively.

Since heat-capacity data are lacking for our samples,
we deduced values for y,, at various temperatures by us-
ing the Debye heat capacity calculated from the elastic
Debye temperature ®,; obtained from our ultrasonic ve-
locity data (see Sec. IIIC). This yielded y (295 K) of
0.85 for AgPO; glass and 0.66 for (Agl), ;,(AgPO3)g 69
glass. The value for AgPO; glass agrees well with the
0.90 value deduced from our elastic constant versus tem-
perature data using a quasiharmonic model as we shall
see later. We have also deduced y,;, at other tempera-
tures for AgPO; glass. We found that y, increased
monotonically with temperature, being —0.90 at 100 K,
0 at 153 K, and 0.86 at 200 K. For comparison we note
that the —0.90 value of y,, occurs at T /®=0.04 for vit-
reous Si0O,.

A “microscopic” interpretation of y,, is usually made
in terms of various contributions, each of which depends
on the product of an anharmonicity parameter ¥, and
heat capacity CU‘ of the entities involved, i.e.,

z_‘}’xcu1

Y™ EC—“DI . (6)

Equation (6) allows us to understand why 7, can be neg-
ative at the lower temperatures even though our ultrason-
ic velocity versus pressure data indicate that long-
wavelength acoustic modes have positive Grineisen pa-
rameters (see Sec. III E). Namely, there are entities with
a quite negative Griineisen parameter (perhaps = —10)
which are relatively more important at the lower temper-
atures than are optical modes or long-wavelength acous-
tic modes. Although the nature of the negative
Griineisen parameter entities is unknown, they might be
transverse-acoustic vibrations in the dispersive, short
wavelength part of the phonon spectrum. These vibra-
tions could be represented by Einstein oscillators whose
characteristic temperature ®£, is much less than that
deducible from the velocity of the transverse ultrasonic
waves reported herein. Unfortunately, we do not have
enough information about the phonon spectra of our
glasses to be able to utilize Eq. (6) in a more quantitative
fashion. It should be noted that the above suggestion for
the nature of the negative Griineisen parameter entities is
similar to that used for Ge and Si crystals!® although
their corresponding modes have much less negative
Grineisen parameters. We wonder, if the glassy nature
of our samples is responsible for their quite negative
Griineisen parameters. One consequence of the glass
structure of our AgPO; sample is that its density is about
4% less than that reported'® for crystalline AgPO,. This
density defect is larger than that estimated from the bub-
ble concentration referred to in Sec. IT A.

Very negative Griineisen parameter values have been
associated with the presence of two-level systems (TLS)
(ionic hopping in double-potential wells) in SiO, glass.
Thus the reader might ask, “Could not your negative
Griineisen parameter entities arise from such systems?”
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Our answer is that we do not think so, since in SiO, and
other glasses the TLS have a range of small energy sepa-
rations whose density is constant from zero to some small
maximum value. This results in a heat-capacity contribu-
tion which is proportional to temperature. The yC,
product for such TLS would have to be so negative to ex-
plain our thermal expansivity at lower temperatures that
it could not be overcome by the contributions from enti-
ties with positive Griineisen parameters at the higher
temperatures which are necessary to account for the ob-
served positive thermal-expansion region. On the other
hand, the contribution from a monoenergetic TLS, with a
suitably negative Griineisen parameter, could be made to
account for our data provided that it had an unphysically
large energy-level separation.

Before closing this section we warn the reader not to
attribute too much significance to the different tempera-
ture at which the length of each sample reaches a
minimum (and the expansion coefficient a crosses zero),
because of the great uncertainty in the data in that tem-
perature range. Nevertheless, the presence of Agl ap-
pears to push the transition to negative expansion down
to slightly lower temperature, perhaps due to long-
wavelength modes having larger positive Griineisen pa-
rameters and smaller Debye temperatures (and hence
larger heat capacities at a given temperature) in the Agl
doped sample (see Table III).

B. Velocities and elastic moduli

Ultrasonic velocities were obtained from transit times
of 5-MHz ultrasonic waves and used to determine the
elastic stiffness moduli of (Agl), (AgPO;),_, glasses with
various Agl concentrations at room temperature. A few
samples were also measured at 2, 10, and 15 MHz. We
observed no frequency dependence in the velocities or
elastic moduli other than that due to the Ag™ relaxation
described below.

The elastic moduli decreased nearly linearly with in-
creasing Agl content (see Table I and Fig. 2) even though
the density increases with Agl content. The observed
values for the longitudinal and shear elastic moduli at
x <0.3 compare favorably with those determined from
Brillouin scattering by Borjesson et al.,’ although the ac-
curacy of their values is limited by the necessity to know
the refractive index to deduce them.

At the higher concentrations our elastic moduli are
lower than those of Borjesson et al. (they found
C.=3.87 and 3.56X10'° dyn/cm? C;=7.0X10" and
6.6x10'° dyn/cm? for x =0.4 and 0.5, respectively).
This reflects the fact that, at room temperature, ultrason-
ic waves in our samples with similar concentrations are
damped by the motion of the mobile Ag ions, whereas
Brillouin scattering operates in the unrelaxed, high-
frequency range. After we corrected for this, our and
their values for samples with x =0.4 agree to within their
combined experimental uncertainties (4%).

Also, for comparison, we may consider 5-MHz
velocities determined by Carini et al for
(AglD),(Ag,0-4B,0;),_, glasses.!” These borate glasses
are also fast-ionic conductors, with conductivities compa-
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FIG. 2. The longitudinal, transverse, and bulk elastic moduli
and the shear-to-bulk modulus ratio in (Agl),(AgPO;),_,
glasses at room temperature for several values of x. The moduli
were deduced from the transit times of 5-MHz ultrasonic waves.

rable to those of the phosphate glasses, although they do
not contain long chains of oxide groups. The longitudi-
nal wave velocity for the x =0 borate glass is 4.25X 10°
cm/s, and the shear wave velocity is 2.26 X 10° cm/s. As
Agl is added, the longitudinal and shear velocities fall to
3.42X10° and 1.81 X 10° cm/s, respectively, for x =0.55.

The transit times of longitudinal and shear waves of
our (Agl) (AgPO;), _, glasses were also measured as a
function of temperature at 2 and 5 MHz for our x =0,
0.11, 0.31, and 0.39 samples. Our results were used with
the thermal expansivity and density data to calculate the
longitudinal and shear elastic stiffness moduli as func-
tions of temperature using Egs. (1) and (2) (see Figs. 3 and
4).

From Fig. 2 we see that the ratio C/B is 0.27 for the
pure AgPO; sample. This ratio decreases as x increases,
eventually reaching 0.22 at x=0.46. Values of C;/B
range from ~0.83 for tetrahedrally coordinated network
glasses such as SiO, and GeO,, through 0.5 for quasi-
two-dimensional glasses (As,S;,As,Se;),'® to ~0.21 for
some polymer glasses.'’

Carini et al.,, report that the ratio of C to B is 0.454
for the borate glasses without Agl, which do not contain
long chains. This ratio varies nonmonotonically with in-
creasing Agl concentration, but remains in the range
0.446-0.483. Hence, the proximity of our Cy/B ratios
to 0.25, especially for the x=0.31 sample, may be con-
sidered a feature of the weak cross linking between phos-
phate chains. The decrease in C /B with increasing Agl
content is consistent with the loss (or weakening) of cross
links between PO, chains.
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FIG. 3. The longitudinal wave elastic constant C, of
(AgD),(AgPO;), -, glasses as a function of temperature. (De-
duced from the transit times of 5-MHz ultrasonic waves.)

If we employ an expression due to Bergman and Kan-
tor,?® derived for an inhomogeneous random mixture of
fluid and a solid backbone near the percolation limit, our
shear-to-bulk modulus ratios can be used to deduce an
effective dimensionality d, for each of our glasses

d=4C/B . (7)

Using the C1 /B values in Fig. 5, we find that d decreases
from 1.07 for our AgPO; sample to 0.89 for our
(AgD)g 46(AgPO;) 54 sample, having passed through a
value very close to unity (1.01) for our
(Agl)y 3;(AgPO;), ¢g sample.

Mangion and Johari have deduced* that there is a con-
ductivity  percolation threshold at x=0.3 for
(AgD,(AgPO;),_, glasses, implying that at such a con-
centration there are Agl regions with long-range connec-
tivity. This is in accord with the glasses having chains of
PO, tetrahedra and near unity dimensionality. Further-
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FIG. 4. The shear wave elastic constant C; of

(Agl),(AgPO;),_, glasses as a function of temperature. (De-
duced from the transit times of 5-MHz ultrasonic waves.)

P (kbar)

FIG. 5. The pressure dependence of the square of the longi-
tudinal wave echo-overlap frequency, f1, in (AgD),(AgPO;),_,
glasses at room temperature for several values of x. All values
were measured at S MHz.

more, the values of d are consistent with the cross linkage
between the PO, chains in AgPO; being very weak and
becoming even weaker when Agl is present. The de-
crease of d below 1 for x >0.3 may be due to disruption
of some of the chains due to iodine ions replacing some of
the PO, tetrahedra in them.

C. Quasiharmonic softening and Debye temperature

The moduli of all our samples decrease significantly as
temperature increases from 100 K to room temperature.
Most of the decreases are understandable in terms of a
simplified version of the quasiharmonic-atomic-oscillator
model developed for crystalline solids in general by Leib-
fried and Ludwig,”! as adapted for cubic crystals by
Garber and Granato?? and for isotropic solids by Claytor
and Sladek.?® By assuming that all significant vibrational
modes can be represented by an average anharmonicity
parameter ¥, the longitudinal modulus C;, and shear
modulus C, can be expressed as

U oCy CL
C.=CY+—i—y’— -
L LTy Y v aP |, 3B , (8)
CT=c%+iV —yXU+C,T)
—_ U PR ——
4 3P |, 3B ||’ ©)

where C{ and C? are the elastic stiffnesses at T=0K, V
is the volume, kj is Boltzmann’s constant, and U is the
total energy of the atomic oscillations. Using the Debye
model for solids, we can estimate values of U and C,
from the relations

3
U =Nk, O(T/0)* [ 72—
.

C,=dU/dT , (11)

dy , (10)
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where N is the number of atoms in volume ¥V, ® is the
thermal Debye temperature usually obtained from low-
temperature heat-capacity data, and y =hv/kgT. Be-
cause calorimetric information is not available for
(AgD),(AgPO;),_, glasses, we used the elastic Debye
temperature ®,, obtained from the longitudinal and shear
ultrasonic wave velocities V| and Vy at 296 K by using
the relation

—-1/3
®a=f§ S ,  (12)

vy 33

1/3
3pQN,
4TW

where h is the Planck’s constant, Q is the number of
atoms per formula unit, W is molecular weight, and N,
is Avogadro’s number. Using our room-temperature
data, we deduced the elastic Debye temperatures present-
ed in Table III. The values range from 208 K for x =0 to
135 K for x=0.46, and are similar to those of many
glasses.

We found that Egs. (8) and (9) could account for the
temperature dependences of the elastic moduli of our
AgPO; glass sample reasonably well if ¥ was allowed to
increase somewhat with temperature (i.e., from about
0.75 at 80 K to about 0.95 at 295 K). Such a temperature
dependence of y is roughly consistent with the fact that
the thermal-expansion coefficient is negative in our
(AgD, (AgPO;), _, glasses at the lower temperatures and
the fact that in As,S; and As,Se; glasses, which do not
have such a region, y decreases as temperature increases.

For our AgPO, glass sample the values of y at 200 and
295 K are within 10% of the values of y, deduced from
our thermal expansivity data in Sec. III A. This is very
good agreement considering the necessity of using calcu-
lated internal energy and/or heat capacities to obtain
Gruneisen parameter values.

On the other hand, for our AgPO; glass, ¥ remains
positive and decreases very little with decreasing temper-
ature below 200 K (reaching about 0.75 near 80 K), while
Y. exhibits a large decrease and a change of sign in that
temperature range, reaching —0.090 at 100 K, as men-
tioned previously.

The large discrepancy between y and y,, may be due
to the former having been obtained from elastic constant
data whose temperature dependence comes mainly from
that of the internal energy, i.e., fCU dT, whereas
Yw~1/C,.

D. Ag*-ion relaxation

As temperature increases from 100 to 360 K, the value
of C; for the 39 mol % Agl sample decreases from
8.48X10'° to 6.00X 10" dyn/cm? (see Fig. 4). This de-
crease is a combination of the normal quasiharmonic
softening described above and an additional contribution
due to Ag™-ion relaxation. This relaxation causes an ad-
ditional 2.5% decrease in the shear wave velocity over a
broad temperature range centered at 240 K.

If the relaxation followed the simple Debye behavior,
as discussed in Ref. 6, the decrease in modulus could be
described by
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Clw)—C(x) — 4'apeakV 1
C © 1+’

where a,,, is the additional ultrasonic attenuation at the
center of the relaxation, after subtracting background,
and V is the ultrasonic velocity. The central temperature
at which the relaxation occurs is determined by the
inflection in the plot of C; versus temperature. Cr
softens at a higher temperature the higher the measuring
frequency.® Equation (13) is not expected to provide a
quantitative connection between the modulus depression
and the amplitude of the relaxation attenuation (which
accompanies the inflection in the modulus). Nevertheless
use of it along with the attenuation observed for the
x =0.39 sample yielded a 4.8% modulus decrease which
is surprisingly close to the 5% decrease implied by the
2.5% decrease in velocity.

A velocity decrease due to the Ag-ion relaxation
occurs in the x=0.3 sample, also. It is also very broad,
centered near 295 K, and is not completed at our highest
temperature.

(13)

E. Effect of pressure on the elastic moduli
and structural stability

From Figs. 5 and 6 we see that the square of the echo-
overlap frequencies increases linearly with hydrostatic
pressure for all concentrations studied. This results in
C. and Cq doing so also. The pressure derivative of C|
increases with x except for a slight minimum at x=0.21,
while dC /0P goes through a maximum between x=0.11
and x=0.21.

A modified Born criterion for structural stability under
pressure, developed by Demarest et al.,?* states that the
ratio of the shear modulus to the bulk modulus, Cy /B,
should reach a small value at the pressure where a
structural phase transition involving macroscopic shear
occurs. This critical value is between 0.15 and 0.20 for
crystalline materials most similar to our samples in chem-
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o
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FIG. 6. The pressure dependence of the square of the trans-
verse wave echo-overlap frequency, f%, in (Agl),(AgPO;),_,
glasses at room temperature for several values of x. All f%
values were measured at 5 MHz.
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ical composition. Figure 7 shows that, in all of our sam-
ples, the ratio Cy /B decreases markedly with increasing
pressure, falling as low as 0.207 at 3.3 kbar in the x=0.46
sample. The reason for not presenting Cy/B values at
pressures greater than 3.3 kbar for this sample is that the
ultrasonic shear wave echoes disappeared near that pres-
sure and did not reappear as pressure was increased up to
almost 4 kbar. We do not think a structural transition
caused the echo loss because: (1) as the pressure was de-
creased the echoes reappeared at about 3.3 kbar and the
same overlap frequencies were observed with decreasing
pressure as had been obtained with increasing pressure
and (2) after the sample was removed its appearance was
the same as before the pressure run.

We do think that structural stability vanishes at a
higher pressure than we could achieve. In order to
deduce the value of this pressure we shall use the
Demarest et al. criterion. However, instead of simply
employing the limiting C /B values mentioned above, we
shall use our elastic moduli versus Agl content data to
deduce a critical value for C1/B. In order to do so we
made a linear extrapolation of our C; and C| values up
to the fractional Agl content (x=0.65) at which our
(AgD,(AgPO;), _, glasses could no longer be prepared
by casting the melt into a mold. Since C;=0.99(1
—0.88x) % 10" dyn/cm? and C; =5.0(1-0.67x) X 10"
dyn/cm?, then B =3.67(1—0.60x)X10"" dyn/cm?
This results in Cy/B =0.19 at x=0.65. Note that 0.19 is
within the range of values expected from data on crystal-
line compounds.24 Now we estimate the pressure, P, at
which structural stability is expected to vanish in our
x=0.46 sample. Since C; and C (and thus B) were ob-
served to increase linearly with pressure we calculate P,
to be 7.6 kbar by means of the relation

0.28 , [
9- (Agl)y (AgPO3),_x
295K
X=
026 0 _
0.21
(o]
o 0.3/
10.24 —
O Q.3g
0.4
0.221— —
0.46
| |
0205 2 4

P (kbar)

FIG. 7. The pressure dependence of the ratio C;/B in
(AgD),(AgPO;), ., glasses at room temperature for several
values of x. All values were measured at 5 MHz.
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0.59(1+1.184X107%P,)
0.19=(Cy /B) 4= _— (14)
2.662(1+3.575X1072P,)

in which P, is expressed in kbar.

In order to compare this transition pressure with the
effect of Agl content on structural stability we calculated
an effective internal pressure from the difference between
the 5.679 g/cm® density obtained by extrapolating our
measured densities up to x=0.65, using the expression
p=4.45(1—0.425x) g/cm’, with the 5.419 g/cm® value
calculated from the molar masses and volumes of a-Agl
and of AgPO; glass. We used the relation P g
=B Ap/p, where B is the bulk modulus and p the density
to obtain

5.679—5.419

P 5.419

=2.24 10! dyn/cm?=11 kbar .

effect

(15)

This value of P.g, is in reasonable agreement with the
value of P, obtained above since P, is quite sensitive to
the limiting value chosen for Cy;/B. (For example, a
value of 0.18 yields P, =11 kbar.)

For AgPO; we obtain, using its moduli and their pres-
sure dependences, P, =43 kbar if (C;/B).,,=0.19 and, of
course, intermediate Agl content samples are expected to
have P,’s between this value and that of the x =0.46
sample.

From Fig. 7 we see that Cy /B decreases with increas-
ing pressure for AgPO; glass, and that the greater the
Agl content the stronger the decrease in C/B with in-
creasing pressure. This behavior seems to indicate that a
weakening (or some disruption) of the cross-linking be-
tween the chains of PO, tetrahedra is involved.

One sample (31 mol % Agl) was also studied as a func-
tion of pressure at 196 K. We found that dC; /0P was
9.56 at 196 K, whereas it was 9.37 at room temperature.
However, dC /3P has a value of 0.74 at 196 K and 0.85
at room temperature. Hence, the pressure derivative of
the ratio C /B at low pressures actually decreases slight-
ly from —0.37X10"" cm?/dyn at 296 K to
—0.47Xx 10" ' cm?/dyn at 196 K. This would imply that
the structure is slightly less stable at lower temperatures.

Crystalline Agl in the wurtzite () phase shows an
unusual hysteretic behavior in the pressure dependence of
its elastic constants.!” This is thought to be associated
with some restacking of lattice layers in the process of
conversion to the zinc-blende phase. None of our sam-
ples showed any sign of hysteresis during pressure cy-
cling. This is consistent with Malugani and Mercier’s
proposal?® that the Agl regions form in the « phase, rath-
er than the usual room temperature 3 phase.

F. Explicit temperature dependence of elastic moduli

The pressure derivatives of the elastic constants C, can
be used to calculate the implicit dilatational contribution
to the temperature dependence of the elastic constants,
i.e., —=3aB(dInC,/9P), where a is the linear-expansion
coefficient and B the bulk modulus. Then using the ex-
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perimental temperature dependences of the elastic con-
stants (0 InC; /3T )p and the relation

d1nC;
oT

dInC,
oP

dInC;
oT

= —Ja
P

(16)

T vV

we can deduce the explicit temperature dependence of
each modulus (d1nC;/9T'), at room temperature. These
values are summarized in Table II.

We found that the dilatational contribution to the tem-
perature dependence of C; is large, but nearly indepen-
dent of Agl concentration. The explicit thermal contri-
bution increases in importance with increasing Agl con-
tent, until it is comparable to the dilatational term.

The explicit temperature derivative of C; is negative
and much larger in magnitude than the dilatational con-
tribution, which decreases (becomes more negative) slow-
ly with Agl content relative to the explicit thermal con-
tribution.

G. Elastic Griineisen parameters

The elastic Griineisen parameters for the long-
wavelength longitudinal- and transverse-acoustic modes,
y. and ¥, respectively, may be determined*®?’ from the
values of the moduli and their pressure dependencies us-
ing

B

_ oCy 1
'VL,T_ 2CL,T

oP

~1, (17)
T

These values are summarized in Table III. The values of
Y1 increase monotonically with increasing x except for
the x=0.31 sample. The shear mode Griineisen parame-
ters, ¥, rise from 1.18 at x =0 to 1.54 at x=0.11 before
falling back to 1.41 at x=0.46. The strongly positive
values of y, are a consequence of hydrostatic pressure
causing the longitudinal-acoustic modes to stiffen; this is
normal behavior in the sense that it means that the ener-
gies of these modes are raised when the glass is
compressed isotropically. The behavior of 1 may be the
result of Agl both weakening interchain interactions, as
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indicated by the elastic constant values, and performing a
space-filling role, as indicated by the density increasing
faster than a simple volume-replacement model would al-
low.

Our Griuneisen parameter values are in marked in con-
trast to those observed in the related system of
(AgD), [(Ag,0)33(B,03)0 6711« glasses,” in which y
rises from 0.95 at x=0.1 to 1.98 at x=0.6, and y 1 de-
creases from —0.19 at x=0.1 to —0.4 at x=0.6. The
negative Gruneisen parameters of this system have been
attributed to the open structure which allows bending vi-
brations involving the bridging oxygen ions.

For an isotropic substance at temperatures well below
the Debye temperature where only long-wavelength non-
dispersive acoustic modes are excited, the mean thermal
Griineisen parameter y,,, would have a limiting value ¥
given by?®

(Ve / VO vL 2yt
(Vp/Vy)i+2

Y= (18)

The values of ¥ listed in Table III were calculated using
room-temperature velocities. They increase by less than
2% when recalculated with projected low-temperature
velocities. We do not expect y% to approach the
Griineisen thermal parameter y, at low temperatures be-
cause glassy tunneling modes will probably make a rela-
tively larger contribution to y,, at low T than they do at
higher temperatures.

At high temperatures the long-wavelength, nondisper-
sive acoustic modes would yield an average Griineisen
parameter y§ equal to (Y +2y1)/3. As can be seen in
Table III, our values of y5 are much larger than the
Griineisen parameters deduced from our elastic constant
versus temperature data or from the thermal expansivity.
This indicates that modes with negative Grlneisen pa-
rameters must still be of some importance at room tem-
perature. Recall that our thermal-expansivity data indi-
cated that negative Gruneisen parameter modes must
predominate below 153 or 140 K in the x=0 and x=0.31
samples, respectively.

TABLE II. Experimental temperature derivative of the logarithm of each elastic modulus, the dila-
tional contribution to the temperature dependence, and the explicit thermal contribution for
(AgD);(AgPO,), _, glasses at 295 K. (Units are 107*K ')

Modul dInC, 3B dInC, dInC,
x odulus ar |, P17 |, ar |,
0.00 CyL —6.01+0.5% —4.30+8% —1.71
Cr —8.01 —1.86 —6.15
0.11 Cy —7.29 —4.92 —2.37
Cr —10.38 —2.36 —8.02
0.31 C, —10.44 —4.84 —5.60
Cr —14.39 —2.33 —12.06
0.39 Cp —8.53 —5.08 —3.45
Cr —14.9 —2.24 —12.66
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TABLE III. Room-temperature longitudinal and shear mode elastic Griineisen parameters y; and
Y1, low- and high-temperature acoustic mode Griineisen parameters derived from the room tempera-
ture ¥ and Y1, and elastic Debye temperatures from room-temperature data for (Agl),(AgPO;),_,

glasses.

x YL YT s Ys O,
0.00 2.95 1.18 1.26 1.77 208
0.11 3.40 1.54 1.62 2.16 191
0.21 343 1.53 1.61 2.16 176
0.31 3.34 1.52 1.60 2.13 162
0.39 3.52 1.46 1.53 2.14 149
0.41 3.63 1.48 1.56 2.19 143
0.46 3.88 1.41 1.49 2.23 135

IV. CONCLUSIONS

From measurements of ultrasonic transit times and
thermal expansivity we have found the following for
(AgD),(AgPO;),_, glasses.

(1) Structural stability is reduced by the presence of
Agl or the application of hydrostatic pressure.

(2) The shear-to-bulk modulus ratio is close to that ex-
pected for material containing a (quasi-) one-dimensional
backbone and an interstitial fluid.

(3) The ultrasonic velocity is reduced by Ag-ion relaxa-
tion.

(4) The anharmonicity parameters (Griineisen parame-
ters) of long-wavelength acoustic modes (deduced from
pressure dependences of the elastic constants) are larger
than the room temperature values of the anharmonicity
parameters deduced from the temperature dependences
of the elastic constants or the Griineisen parameter ob-
tained from the thermal expansivity.

(5) The thermal expansion coefficient becomes negative

below a surprisingly high temperature.

Finding (1) implies that structural stability decreases
and that a phase transition involving macroscopic shear
may occur at a higher pressure, P,, than we were able to
achieve. We deduce that P, decreases from about 43 kbar
for our AgPO; glass sample to about 8 kbar for our
x=0.46 sample. Finding (2), we think, is a consequence
of the presence of chains of corner-connected PO,
tetrahedra with Ag or Agl between the chains. Findings
(4) and (5) imply that there are excitations with a negative
anharmonicity parameter as well as vibrational modes
with positive Griineisen parameters.
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