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To quantify the thermally activated relaxations of the mobile silver ions in superionic silver phosphosulphate
(AQ2SOY),(AGPO;) (1 x) and phosphosulphidéAg,S),(AgPOy)(; ) glasses, the broad attenuation peaks re-
ported previously have been analyzed in terms of a Gaussian-type energy distribution. The parameters obtained
are used to determine the influence of thermally activated relaxation processes on the temperature dependence
of the ultrasonic wave velocity measured between 1.5 and 300 K. After subtraction of the relaxation effects
together with those due to anharmonic interactions, another contribution to the temperature dependence of the
ultrasonic velocity remains below 100 K, which follows a linear temperature dependence—as predicted by the
soft-potential mode{(SPM) for relaxation of soft harmonic oscillators. The soft HO relaxation contribution to
the ultrasonic velocity temperature dependences of silver phosphate-based glasses has a similar magnitude to
those determined previously for lanthanide metaphosphate glasses. While the silver phosphate-based glasses
have skeletons that are comprised of long chains of phosphate ions, the lanthanide metaphosphate glasses are
close to having a three-dimensional structure. The agreement of the excess contribution to the temperature
dependence of the ultrasonic velocity with the predictions of the SPM for both types of glass, in spite of their
complete differences in structure, is further evidence for the universal applicability of the soft-potential model.

To determine the vibrational anharmonicity of the long wavelength acoustic modes in superionic glasses, the
hydrostatic pressure derivatives of the second-order elastic stiffness tensor components have been measured for
these(Ag,SOY(AGPOy)(1 - x), (AGS)K(AgPOy)(1 ), Vitreous AgPQ and also for silver iodide molybdate
(Agl).74AgoM00,), 25 To examine further the effects of vibrational anharmonicity, the thermal expansions of

the vitreous phosphates have also been measured. The linear thermal expansion coefficient becomes anoma-
lously negative at lower temperatures for {#@,SO,),(AgPOs)(1—x) and(Ag,S)«(AgPO;)(; ) glasses. The

wide variations found between the elastic and nonlinear acoustic properties of superionic silver phosphate,
molybdate, and borate glasses stem from differences in the bonding and connectivities of the glass skeletons.

[. INTRODUCTION the systems silver phosphosulphét®,SO,),(AgPOs) 1 ),
silver phosphosulphid€Ag,S),(AgPO;)(; —y), Or silver io-
Superionic glasses with high silver ion mobility are im- dide molybdate(Agl),(Ag,M00,); ), measurements have
portant solid electrolytes, finding commercial applications innow been made of the hydrostatic pressure derivatives of the
low-current, long-life batteries. The propagation of ultrasonicsecond-order elastic stiffness tensor components for glasses
waves in superionic materials is strongly influenced by theof each of these types. To extend knowledge of the vibra-
presence of mobile ions; ultrasonic attenuation and velocityional anharmonicity, the thermal expansions of the silver
measurements have proved particularly well suited to the@hosphosulphates and phosphosulphides have also been
study of the dynamics of superionic glasseéswide ranging measured.
ultrasonic study has been made of the elastic and nonlinear High-pressure ultrasonic studies have been made previ-
acoustic properties of superionic glasses belonging to theusly for other types of superionic glasses:
silver phosphosulphat¢Ag,SO,),(AgPOy) 1y and silver  (Ag0),(B,03)(1-y), (AgD,{(Ag20)y(ByO3)(1-y)t1-x (Ref.
phosphosulphide(Ag,S),(AgPOy) (1 ) Systems. Contribu-  2), and (Agl),(AgPO;)(; ) (Ref. 3 glasses. For the borate
tions to the temperature dependence of the velocity and agflasses it was found that, while the anharmonicity of the
tenuation of ultrasonic waves arise from anharmonic effectfongitudinal mode is normal, dC3,/dP)t p_, is positive
and thermally activated relaxation processes. Physical pro@nd that for the shear wave it is to a degree anomalous in that
erties, such as ultrasonic attenuation or thermal expansioigC3,/dP) p—o is negative: The shear mode softens un-
which depend upon ionic thermal motion, are dominated byder pressur@.By contrast, the vibrational anharmonicities of
vibrational anharmonicity. The anharmonicity of the long- both the long-wavelength shear and longitudinal modes
wavelength acoustic modes can be determined from the epropagated inAgl),(AgPO;); ) glasses are normalFur-
fects of pressure on the elastic moduli. Since there is nehermore, the values of the acoustic mode r&isen param-
guantitative information available on the anharmonicity ofeters of the glasses in these two superionic systems have
the long-wavelength acoustic modes for glasses belonging testablished that the pressure dependences of the long-
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wavelength acoustic vibrational mode energies are quite diffSPM). One prediction of the SPM is the occurrence in the
ferent. The structures of silver borates and phosphates atemperature dependence®(T)/T2 of a minimum at a tem-
different in kind. Borate glasses consist primarily of planarperatureT, at which crossover takes place between har-
units, (BO,) triangles and hexagonéB;0,) rings® and so  monic and anharmonic states fronCa-T to C~T° behav-
are probably comprised of two-dimensional networks, whilelor. Inspection of the specific-heat results obtained for the
phosphate glasses are based on linear chains gté¥@he-  (Ag)x(Ag,0-B;03);_4 glasses[see Fig. 1a) of Ref. 11
dra. In these circumstances their elastic and nonlinear acougoWws that these ionic glasses do show a minimum in
tic properties might be expected to differ markedly. It hasC(T)/T* at Tmin~2.5 K. Recently, it has been foutfdfor

been with this in mind in particular that ultrasonic studies as-803)0.24P20s)o75 @nd (Sm,Os)o 25P205)0.75 metaphos-
a function of pressure have been made of theﬁhate glasses that after the subtraction of relaxation and an-

A AP ) A AP B | armpnic contributions, a contribution tQ the ultrasor_lic wave
;n%zsgg)é( fgr %)(%J' ;)SS(?;)(O 73(362’;&/' gog)z(; é’ongz;rs]?negs velocity temperature dependence remains that has linear tem-

(MoO,) tetrahedra. For the silver phosphate glasses, substperature dependence in accordance with a prediction of the

tution of sulphur for oxygen increases the cationic conducSOft-potential, model for the relaxation of soft harmonic

; 18-20 H
tivity. Electrical conductivity and ultrasonic attenuation osp|llatc_)rs. Lanthanide metaphospha}te_glqsses have
studie€ have shown  that the behavior of duite different structures from the superionic silver phos-

. - : _phate glasses. However, if, as suggeste® the SPM,
'Ei'g?]zst)))éf\;\?ez%)(tlﬁgt) g;?SZZ?_ggggzle;%n Iggcvrgﬁg_ I;tgdﬂ?esé which is an extension of the tunneling model for two-level

glasses. A suggestion that the sulphide can act both as %;(stems(TLS’s), can account for the “universality” of the

interstitial dopant and as a network modifier has been conQW-temperature physical properties of glasses, then a contri-

firmed by P NMR magic angle spinning spectroscSp bution from the relaxation of soft harmonic oscillators would
similar study of (AG,SO),(AGPQy,; 5, glasses has shown also be expected in the ultrasonic wave velocity in the
that for compositions with<0.2 the sulphate S@ ion acts silver phosphate glasses. Hence finding out if such a contri-

o ; - . _bution exists in superionic silver phosphosulphate
as a network modifier, preferentially occupying a bridging . :
position between two end units. The fractal bond(Agzso“)X(AgPQ)(l*X) and  silver  phosphosulphide

connectivity® is used here to provide physical insight into (Ag,S)X(AQPOy) 1 - glasses is an essential requirement for

the way in which structural differences, which dominate thedeveloping an understanding of the mechanisms which regu-

ionic behavior of the different superionic glasses, influencéate the ultrasound wave propagation in these glasses.
their elastic and nonlinear acoustic properties.

Anomalies in a wide range of physical properties at low
temperatures due to frozen-in supplementary degrees of free-
dom are a characteristic feature of glass¥dMeasurements These silver phosphosulphate and phosphosulphide
made in the temperature range 1.2—40 K on the ionic conglasses have been studied previously by a variety of tech-
ducting (Agl),(Ag,0-B,05) 1« glasses withk=0, 0.2, 0.5, niques _including conductivity, acoustic attenuation, and
and 0.65 have shown that there is an additional specific heAtMR.®’ For the ultrasonic work silver phosphosulphate and
C, over that predicted from the Debye theory, which is assophosphosulphide glasses of form@sg,SO,),(AgPOy)(; )
ciated with the excess of localized vibrational stafespro-  and (Ag,S)K(AGPO;) (1 ), With x ranging between 0.1 and
nounced maximum occurs in the plot 8{T)/T* with tem- 0.3, and a sample of a pure silver phosphate giass0)
peraturel. Theoretical models, which have been proposed tavere prepared in the form of cylinders of diameter and
account for the universal form of the excess of density oflength around 5 mm. The molybdatagl),(Ag,M00,); )
vibrational states in glasses, include a possible fractal glass was prepared by melting together Agl andMgO, in
structuré?*3and (i) soft harmonic potentials with a random a 3:1 mole ratio in a Pyrex tube. It was the same material as
distribution of coupling constant§:'® The anomalous spe- that used to assess ion hopping properties by measurements
cific heat of the(Agl),(Ag,0-B,03)(;-y glasses was ana- of the ac conductivity, the dependence on temperature of the
lyzed in terms of an energy spectrum comprised schematattenuation of longitudinal ultrasonic waves and shear wave
cally of long-wavelength phonons and short-wavelengthyelocity, and thermal expansiéh.
localized modes with a fractal natuteThe crossover fre- To make ultrasonic wave velocity and attenuation mea-
guencywco from a regime of phonons to modes localized onsurements, samples were cut and polished to have flat and
clusters of low effective fractal dimensionality correspondedparallel faces to within 10° rad. Parallelism of the faces was
to a characteristic length of about 30 A in these glasses, in examined using an optical interference method and ensured
accordance with that predicted by the phonon-fracton modeto within one wavelength of sodium light. Quartz transducers
In general, the parameters found from the model for aX cut for longitudinal, Y cut for shear wavgsdriven at
fracton-phonon density-of-states fit to the excess specifitheir fundamental frequency of 10 MHz, were bonded to the
heat have the same magnitudes as those found for othepecimens using Nonaq stopcock grease as the bonding
amorphous materials, including a number of phosphatagent between samples and transducers. Dow resin 276-V9
glasses® Although the model can be used to fit the data,was used as the bonding material above room temperature.
such an approach leaves out of consideration the question- The ultrasonic wave velocities were measured using the
able fractality of glasses. In principle, the universal complexpulse echo overlap technigé@which, having a sensitivity
of anomalous thermal, acoustic, and optical vibrational propef better than 1 part in FQis particularly suited for measur-
erties of glasses can also be accounted for phenomenoloditg the rather small changes in ultrasonic wave velocity in-
cally within the framework of the soft-potential model duced by changing the temperature or by application of pres-

Il. EXPERIMENTAL DETAILS
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FIG. 1. Comparison between the experimen-
tally determined attenuation of 30 MHz
- , . , . ) . ultrasonic waves propagated in
0 100 200 300 400 (Ag,SOy)0.s(AgPOs)y glass as a function of tem-
T (K) perature and that determined from a theoretical fit
(solid line) to the relaxation moddlEgs. (1) and
8 \ (2)] using a distribution of activation energies
' ' ! ' [Eq. (3)]. The inset shows the acoustic absorption
as a function of temperature in the
(Ag29).3(AgPO;)q 7 glass at 30 MHz. Solid lines
6 represent the best fit and show the two relax-
3 7 ational contributions described in the text.
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sure. Hydrostatic pressure up to 0.15 GPa was applied in Hence the slope of the experimental results for the depen-
piston-and-cylinder apparatus using silicone oil as theadence of the natural wave velocity upon pressure could be
pressure-transmitting medium. The pressure was determinaged to determine the hydrostatic pressure derivatives
from the change in resistance of a precalibrated mangani(wC3,/9P)+ p_ of the elastic stiffnesses.

wire coil in the pressure cell. To circumvent the requirement

of the dptermination of pressu_re-induced changes in sample Ill. ULTRASONIC ATTENUATION

dimensions, the “natural velocityW approach® was used.

The stress dependences of the relative changes in natural In general, the ultrasonic  attenuation of
velocities of both longitudinal and shear ultrasonic waves(Ag,S),(Ag,POy); ) glasses, which has been described and
were found to be linear up to the maximum pressure applieddiscussed in detail in Ref. 6, is quite similar to that of the

TABLE I. Values computed from the best fits of the relaxation model equafibrg3) to the experi-
mental ultrasonic data for the most probable activation engrgy relaxation timer, and widthEg of the
energy distributiorP(E) in superionic glasses.

Emi Ean G Eno  Eo () ) Vi Vs

€eV) (V) (10%%s (V) (ev) (10's (K) (mshH (ms?

(AG»9)0 4 AGPOy) 7 04 008 70 0138 0088 9.8 192 3337 1510
(Ag,SOp)o 4 AGPOs) 7 0.094 0.033 099 179 3317 1376
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(AQ,l)x(AgPO;)(1 - glasses; at temperaturgsbelow 10 K, ation parameters are given in Table I, together with those
it is characterized by a plat¢wf the type attributed to determined for théAg,S), AgPOy), 7 glass from an analy-
phonon-assisted relaxation or TLS’s predicted bykle?®  sis of the ultrasonic data given in Ref. 6. In general, the
The acoustic wave interacts with the TLS's and modifiestemperature dependences of the acoustic properties in the
their thermal equilibrium population so that a new equilib- MHz frequency region shows that the /&jand AgSO, dop-
rium distribution is attained with the cooperation of the ther-ant salts play a different role in the structure-dependent prop-
mal phonons. Above 10 K the acoustic absorption is domierties of these superionic glas$es.

nated by a broad loss peak, characteristic of glaSsebjch

was analyzetlassuming the existence of two thermally acti-

vated relaxation processes. The relaxation parameters ob- V. ULTRASONIC WAVE VELOCITY AND ELASTIC

tained from a best fit indicate that the intermediate- STIFFNESS TENSOR COMPONENTS

temperature region is characterized by an activation energy e irasonic wave velocities, the second-order elastic

of about 0.1 eV whose value depends on the salt content. Thei« << tensor componerts; andC,,, and the bulk modu-
same activation energy value .has recently bee_n obtamq s B calculated at room temperature from the ultrasonic
from the Arrhenius fit of the microwave conductivifyon wave velocity measurements faig;SOp,(AGPOY) 1.
glasses with the same c;omposﬂpn and ha§ been analyzed ('RQZS)X(AQPQz,)(l_X), and (Agl)o -4Ag,M00,), »5 are com-
terms of unsucce;‘sful lon hoppl_ng._ Th_e hlgh-'gemper_aturebared with the elastic properties of other superionic glasses
low-frequency region, where the ionic diffusion is dominant, i, tapje |1, The pure AgP@phosphate glass is rather less
fof:]ezrsgéiﬁﬁge?ob{hgh'gzggi,cﬂ\;?&fn enefgyout 0.4 eY stiff, and the temperature derivatives of the stiffnesses are
) dc =17~ X slightly larger than for the doped samples. In general, the

The ultlrasonlc attenuation of th(e\gzs704)0.1(AgP03)o_9 Ag,S modifier has a greater effect on elastic properties than
glass, which was measured by Scattial.," does not show Ag,SO For the (Ag,S0;,) (AgPO;) and
well-defined relaxation effects due to the ionic diffusion. (AgZZS)4(.AgPQ)(1 | systems 2inc‘;é(asing th(ék_é(;SOQ or

; ; X —X g

Howeyer, in the . Iow—lt_impﬁratur? r_eg|o(|Tb<|10 K),h the (Ag,S) content fromx equal to 0.1-0.3 increases the longi-
aco_usltlc attefr;uatlon, ! ﬁ t Ie ve OC'(.%?E. he oy shows tudinal and shear velocitfand hence the elastic stiffnesges
typical TLS effects. For the glasses with higher,8@, con- 11,4 ejocities of ultrasonic waves in the molybdate glass are

tent ~of ~compositions (Ag;SO)oAAGPOs)os and much slower than those in the silver
: : : - : phosphates and borates,
(Ag;S0y)o s AGPOs)g 7 in the region above 10 K, the 1ongi- 5, the elastic stiffness;; andC,, and the bulk modulus

tudinal absorption shows a small peak on_a continuouslyss g correspondingly much smaller: The interatomic
increasing background as the temperature risBse broad binding in the molybdate glass is much weaker

intermediate-temperature relaxation loss peak is also super- The temperature dependences of the velocities of longitu-
imposed on this background, although at a rather higher teni,41 and shear 10 MHz ultrasonic waves propagated in
perature than that observec_i for t189;S),(AgPOy)(1 - (AgS)(AgPOy) (1 —y) glasses withx equal to 0.1, 0.2, and
glasse$.To obtain the relaxation parametéreeded to ana- 0.3 are shown in Fig. 2 and for the corresponding
lyze thg ultrasoniq velocity data, yvhich is reporteq hetlee (AQ;SO)(AGPOy) 1y dlasses in Fig. 3. As would be ex-
acoustic attenuatlom(w,.T) accruing from relaxation pro- pected for vitreous materials, the temperature dependences of
cesses has been described by the ultrasonic wave velocities of these glasses do not con-
A w1 (E) form with the behavior usually observed in crystalline mate-
a(w,T)= i P,(E) _r = dE, (1) rials for the effects of vibrational anharmonicity, namely, a
! 2V 1+ 0?7 (E) inear i i ity i
| linear increase of the ultrasonic wave velocity with decreas-
ing temperature, terminating in a zero slope at low tempera-
bures. As the temperature is reduced, the ultrasonic wave ve-
ocities continue to increag€&igs. 2 and 3 Such behavior is
associated with the interaction of the ultrasonic waves with
TLS’s through a thermally activated, structural relaxation
process. Recently, it has been folihéor the case of the
lanthanum  (LayO3).25(P205)g 75 and samarium
7= 70exp(E/KT). ) (SMyO3).06(P-05)g 75 Metaphosphate glasses that below_
about 100 K the temperature dependence of the ultrasonic
Here 7, is a characteristic time ard is the mean activation wave velocity, after subtraction of the relaxation and anhar-
energy. In this phenomenological model a Gaussian distribumonic contributions, follows a linear law as predicdy

whereA is the relaxation strength/ and o are the velocity
and angular frequency of the inserted ultrasonic wave, an
the subscript =2 identifies the parameters pertaining to the
low-energy motion, whild =1 identifies those for ionic dif-
fusion. Normal practice is to express the relaxation tinfi@r
the absorbing processes by an Arrhenius-type relationship

tion is assumed for the distributid?(E): the SPM (Refs. 14, 15, 17-20for the relaxation of soft
harmonic oscillators. Encouraging agreement was found be-
1 (E-Ep)? tween the parameters regulating this mechanism and those
P(B)= (2mE)™? exp( - 2—E§) ’ (3 determined from acoustic attenuation results. The next step is

to find out if the SPM prediction holds for the superionic
with E, being the most probable value akg the width of  glasses of present interest. To do this, it is necessary to ex-
the distribution. A typical fit to the experimental attenuationtract the anharmonic and relaxation contributions.
of ultrasonic waves with a driving ultrasonic frequency of 30  The anharmonic effects have been determined by using an
MHz obtained for thgAg,SO,)o AgPOs), - glass is shown extension to isotropic materidlsof the quasiharmonic con-
in Fig. 1 as an example; the corresponding computed relaxtinuum modeF® writing the temperature dependence of the
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FIG. 2. Temperature dependence of the velocityaflongitu- FIG. 3. Temperature dependence of the velocityayflongitu-
dinal and(b) shear 10 MHz ultrasonic waves propagated in phos-dinal and (b) shear 10 MHz ultrasonic waves propagated in
phosulphide(Ag,S),(AgPO;) (1 ) glasses. (Ag2SOY,(AGPO;)(1 - x) glasses.

longitudinal ultrasonic wave velocity as

V|_ = VLO

T

Fl

from the parameters given in Table | determined from the
L 132 T\ ]2 acoustic attenuation pedkig. 1). The results calculated for
L 1_FLF(5” , (4)  the (Ag,SOy)oiAgPOy)7 and the (Ag,S)os(AgPOs)o7
glasses are shown in Fig. 4.
where When the sum of the anharmonic and relaxation contribu-
tions is subtracted from the experimentally determined ve-
T\* (o x3 dx locity of longitudinal ultrasonic waves as a function of tem-
3 0 fo e“—1! ) perature, an excess term &V/V,, which follows a linear
temperature dependence, remains, evidencing a contribution
HereV, is the ultrasonic wave velocity 8t=0 K, L is the  from another mechanism to the temperature dependence of
specimen length, and is the Debye temperature. The coef- the velocity in this temperature range. In the case of the
ficientI', , which depends upon the Greisen parameter, has lanthanide phosphate glasses, it was shown that, on the basis
been selected to fit the velocity measured at high tempera&f the SPM approach, the excess velocity contribution de-
tures where any effects of the relaxation processes are nefjves dominantly from a relaxation mechanism involving soft
ligible. The calculated relative temperature dependences isingle-well harmonic oscillatoréHO’s), which interact with
the anharmonic contribution to the ultrasonic wave velocitythe ultrasonic deformation field by a modulation of the inter-
with temperature for the (Ag,SO,),4AgPOy),,; and level spacing.” This mechanism leads to the following con-
(AQ,9)0.5(AgPOy), 7 glasses are shown in Fig. 4. tribution to the sound velocity in the terminology detailed in
The dispersion arising from the thermally activated relax-Ref. 20:
ations of the structural defects has been calculated tfsing

28.242
=———C; E—O(T—To)- (7)

9

v

av Biz f P(E ! dE (6
VO re|_ SPVikBT ( ) 1+w27'2(E) ( ) o
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The linear dependence of the excess velocity contributiol.91x10 4, respectively. Although the silver phosphate-
found here at low temperature for tkkg,S0Oy) s(AgP0y)g;  based and lanthanide metaphosphate glasses have quite dif-
and (Ag,S)y i AgPO;), 7 ionic glassedFig. 5 is in accor-  ferent structures, the soft HO relaxation contribution to their
dance with this SPM prediction. The slopegHig. 5 are ultrasonic velocity temperature dependences is of similar
very similar to those found for the Ilanthanum magnitude, a finding again in accordance with the suggestion
(Lay03)0.24P,05)g 75 and samarium (Sm,03)424P,05)g 75  that the SPM should be universally applicable to glasses.
metaphosphate glasses, which were 8@ * and The temperature dependences of the elastic stiffnesses are

0.000

FIG. 5. Contribution from a relaxation mecha-
nism involving soft single-well harmonic oscilla-
tors (HO's) to the fractional longitudinal ultra-
sound velocity in excess of that provided by the
sum of the anharmonic and relaxation terms
for  (AgoSOy)os(AgPOy)y7 (circles  and
(A9, 3(AgPO,)g 7 (solid squaresglasses.
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Excess Aviv,

b=-3.16x10*
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T(K)



5294 G. A. SAUNDERSet al. 53
58 55 —
. M. (Ag:S)x(AgPO3)1.x N -&w - (Ag:S09x(AgPO3); x
y X + | %
RS U . 10 MHz L L 10 MHz
s o M s To X,
[l (-] ] - X
S 54 M S si- Yo, Xt x1
o x -+ x=0.1 ° T o,
o x + ° * +
x
521 o x * 49 %o . .
o X + ° X
- - o
G o XXX (_')- ° X x=0.2
50 x=03 | X x=02 47 x=03 .
(a) x i (e)
48 : . . 45 . . , ]
0 100 20 300 0 100 200 300
TX) T(K)
115 1
A AgPOy),.
. . (Ae:5)x(ALPOhx . (AgSO)x(AEPOS),.x
‘e isg% 10 MHz e "
Zz X, Z 0] TMre., MHz
£ "°’>*<+* s oo ME
2 u)gx+§=0.1 2 * X x * * + x=0.1
3 %0 o X +
105 x*x+ 09 1 ®o A N
Q o x
xx=02 ° x=0.2
3 x - -
o x=03 ° S 081 ° .
(b) 1 (d) x=0.3
095 - . . ; 07
0 100 200 300 ; ‘ ' : ‘ ’ i
0 100 200 300
T(K) T(K)

FIG. 6. Temperature dependence of the elastic stiffne€gsand C,, (8 and (b) in (Ag,S)(AgPOs)(1-x and (c) and (d)
(A92504)X(A9PQ)(1,X) glasses.

shown in Fig. 6; at high temperatures, both the Iongltudlnahvatlves of the longitudinal ((Cn/(?P)Tp o and shear
C,; and shea€ ,, stiffnesses increase approximately linearly (9C 3,/ dP)1 p— elastic stiffnesses are compared with those
with decreasing temperature and at lower temperatures begof other superionic glasses in Table Il. The pressure deriva-
to flatten out; this is the usual behavior expected from theives for (Ag,SO,),(AgPOy)(1 ), (AG2S)(AgPOy) (1 ), and
conventional model for vibrational anharmonicity. This lin- (Agl), 75Ag,M00,), 55 glasses show normal behavior in that
ear behavior has been confirmed by measurements of tf(@Cfllo?P)T,p:O is much larger thandC4S4/(?P)Typ:0 and
temperature dependence of the longitudinal elastic constabbth are positive. Thus the effects of hydrostatic pressure on
for the pure AgPQ@glass and for two compositions of vitre- the elastic properties of these glasses resemble those
0us (Ag,SOy)«(AGPG;) (1 —y in the range 293-393 K, below found® for the (Ag«(AgPO;)(1 - glasses. By contrast, in
the glass-forming rang@30-510 K. However, at low tem- the case of the  (Ag;0),(B;03)(1-y) and
peratures the behavior of the longitudinal modutis for (Agl)x{(AQZO)y(BZO3)(1 nia-x glasses the shear stiffness
both these types of superionic glasses deviates from that epressure derlvatlveﬁc 3 dP)1 p—o has an anomalous nega-
pected from anharmonic model, showing a continuous intive value?

crease associated with the relaxation mechanism involving A negative ¢C E]/&P)T,PZO signifies that application of
soft single-well harmonic oscillators. pressure produces an anomalous decrease of the vibrational
frequenciesw; associated with long-wavelength acoustic
modes. This can be quantified by considering the mode

V. EFFECTS OF HYDROSTATIC PRESSURE ON THE .
Gruneisen parameters

ELASTIC MODULI

The relative changes in the natural velocities of longitu- _
dinal and shear ultrasonic waves propagated in the YiT
(Ag2S)X(AGPOy) (15 and (Ag,SO,),(AgPOy)(1—) glasses
were found to be linearly dependent upon hydrostatic preswhich express the volum@r strain dependence of the nor-
sure (Figs. 7 and 8 this was also true for the mal mode frequency;. For an isotropic solid there are just
(Agl)o.-4Ag,M00,), 5 glass. The hydrostatic pressure de-two Grineisen parameters, nametly, and ys for longitudi-

—d Inw;/d InV, 8
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high pressures by recourse to an equation of state, for ex-
ample, that due to Murnaghdhwhich is widely used,

I
P_(B_(') v -1, (12

which in logarithmic form is

nl o= 1
nV—B—én

BoP

—+1]. (13
Bo

Here B/ is the isothermal bulk modulus ar}, is equal to
(9B {/9P)p_,. This has been used to determine the compres-
sions V(P)/V, of the (Ag,SOy)(AgPO;)(;-, and
(AQS)(AgPOy)(; ) glasses. Since the elastic moduli of the
molybdate(Agl)y -.5Ag,M00,), 75 glass(Table Il) are com-
paratively small, this glass has a much larger compression
than found for the stiffer phosphatéBSig. 9).

VI. THERMAL EXPANSION

The temperature dependences of changes in leAdtH., ,
as the temperature is decreased for silver phosphosulphate
glasses  with  compositions (Ag,SOy)g 1(AgPOy)g o,
(Ag2S0y)0 AAGPOs)g 6, and (AgSOy) AAGPO;)g 7 €ach fol-

FIG. 7. Hydrostatic-pressure-induced relative change in thdow the same distinctive patterifrig. 10. From room tem-

natural velocity of longitudinalupper three plojsand sheatlower
three plot ultrasonic waves propagated (Ag,S)(AgPO3)(1 )
glasses.

perature down to about 136 K, the length decreases linearly
as the temperature is reduced. But at this temperature the
linear thermal expansion coefficieBtbecomes negative for

each of these glasses. The thermal expansions of the phos-

nal and shear elastic waves, respectively. These have be@ﬁosulphide(AQZS)x(AgPQ)(PX) glasses(Fig. 11) and of
obtained from the elastic constants and their hydrostatic

pressure derivatives using

T L J
_ B® 3 2Cy, 3 B A dCyus o 0.01F
=" 6Cy, BS “lap ap © -
. 2 0012t
dC 3B> 3C =
- _3BS| 24 -2 12 :
S 0.010F
The mean long-wavelength acoustic mode ii&igen param- < |
eter vy, is then given by z
.g 0.008[
Ya={(7L VD) + (2ys/VIM{(ANVD) + (2N} (11) FR
The similarities between the Graisen parameters, given in ’i 0.006}-
Table I, for the (Agh«(AGPO;)(1 ), @ K
(AQ.SONK(AGPOy)(1-x),  (ADS)(AGPOy) (1), and pure .g 0,004k
AgPO; glasses show that the acoustic mode vibrational an- o
harmonicities are similar in magnitude in each of these phos- 2 -
phate glasses, each of which have a fractal bond connectivity 2 0,002k
of about unity(Sec. VIl). The mode frequencies increase in @ -
the usual manner under pressure, the effect being larger for - W
the volume-dependent longitudinal modes. These results 02:« 1 L 1
are in marked contrast to the Gmisen parameters 0 05 1.0 15

obtained for the  (Ag,0),(B;03)1-y) and
(AgD{(Ag;0)(B;03)(1-y) h1-x) Olasses for which the lon-
gitudinal mode parametey; is substantially smaller and that
¥s for the shear mode is negatite.

Pressure (108Pa)

FIG. 8. Hydrostatic-pressure-induced relative change in the
natural velocity of longitudina{upper three plotsand sheatlower

It is common practice to use ultrasonic velocity data tothree plot ultrasonic waves propagated in A§Oy)x(AgPOs)(1 - 5

extrapolate the compression(P)/V, of a material up to

glasses.
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x=03
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x=0.1
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I o=-5x10¢ K-1
II o=16.3x10-6 K-1

(a)

Pressure (GPa)

1
100 200 400

FIG. 9. Isothermal  compressions V(P)/V(0)  of
(Ag2SOYX(AGPO3)(1 - x), (AQ29)x(AGPO) (1 - ), and
(Agl)g 75(AgoM00,)g 25 glasses at 293 K extrapolated to high pres-
sure using the Murnaghan equation of state.

T(K)

E=2]

(Ag2504)0.2(AgP03)e 8

1 0=-7.3x10-6 K-1

vitreous AgPQ (Fig. 12 show even more anomalous behav- H 0=22.8x10% K-1

ior. In these glasseSL/L also decreases with reducing tem-
perature, although not in a linear fashion, down to about 150
K. At lower temperatureg becomes a large negative quan-
tity. For AgPGQ; glass Bogue and Slad&kave reported simi-

lar thermal expansion behavior to that found here; from room 1
temperature down to about 100 K, they observed that the«
thermal expansion coefficient was positiye +2.2x10° -
K™1): it passed through zero at about 160 K and then became 4
negative(—2.0x10 ° K1) at lower temperatures.

In the quasiharmonic approximation the thermal Gru K T '
eisen parametey”, a widely used measure of net vibrational
anharmonicity, is related to the volume thermal expangipn
and specific hea€ by

(b)

200
T(K)

(Ag2804)0.3(AgPO3)e 7

I a=-16.5x106 K-1
II 0=20.6x10-¢ K-1

ByVBS B VBT 4
th_ —
Y= = : (14

Cp C,

where B® and BT are the isoentropic and isothermal bulk
moduli, respectively. The thermal Greisen parametey” is
the weighted average of all the individual mod¢ Grin-
eisen parameters :

’ychEi Civi /Z Ci.

For a glass, measurements of the hydrostatic pressure deriva-
tives of the elastic stiffness tensor components can be usedto 2 ' ' ‘ ' '
determine the Gmeisen parameters of the acoustic modes in 200
the long-wavelength limit and so enable the effects of these
modes to be separated from those of higher-energy excita-

tions. As temperature is reduced, the higher-energy excita- g, 10. Temperature dependence of the linear coefficieot
tions would be expected to freeze out first and their contrithermal  expansion  of (@  (Ag,SOyo1(AGPOs)0e ()

butions should decrease so that the long-wavelength aCOUSKiAgZSOLI)O,z(AgPQ,,)O_g, and () (Ag,SOy) JAgPOy), 7 glasses.
phonons should play an increasingly important role. In gen-

eral, a negative thermal expansion would be expected to rdikely that these modes are responsible for the negative ther-
sult from the overriding cancellation of effects from excita- mal expansion at lower temperatur@dgs. 10—12 Thus,
tions having negative Gruneisen parameters. However, faglthough the thermal expansion data suggest that the net vi-
each of the(Ag,SO(AGPO;) (1), (AGS)X(AGPO3)(1 - ), brational anharmonicity of each of the superionic glasses in
and pure AgPQ glasses, positive values for the acousticthe (Ag,SO,)(AGPO3) ;) and(Ag,S)(AgPOy) ;) series
mode Grmeisen parameterg andys have been obtained at and vitreous AgP@becomes extremely anomalous at low
room temperature, a feature which suggests that it is naiemperature, it is not clear which excitations are responsible.

10°ALL

(15
(c)

TXK)
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FIG. 11. Temperature dependence of the linear coefficicot
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FIG. 12. Temperature dependence of the linear coefficicoft
thermal expansion of AgPQylass.

VII. ELASTIC STIFFNESS AND FRACTAL BOND
CONNECTIVITY

The ultrasonic wave velocities and the elastic properties
of a wide range of superionic glasses from different phos-
phate, borate, and molybdate systems vary widely from glass
to glass(Tables Il and 1l). For example, the bulk modulus
covers the range from 4.6610'° Nm 2 for vitreous
(Ag50)0.34B203) 067 to only 1.82<10'° N m™2 for the mo-
lybdate glasgAgl)y.74AdM00,), 5 (Table 1) The latter
material is nearly 3 times as easy to compress as the former.
This wide variation in behavior also extends to the effect of
pressure on the elastic moduli and related propeffiable
II) and must have its origin in differences in structure and
binding forces between the glasses. An instructive parameter
relating the elastic properties of glasses to their network
structure is fractal bond connectivity. Considering a two-
dimensional(2D) Sierpinski gasket as the fractal object in a
study of the critical behavior of a randord;dimensional,
isotropic, elastic medium, Bergman and Kaftoave shown
that the effective fractal dimensionality of an inhomogeneous
random mixture of fluid and a solid backbone at threshold is
given by

The fractal bond connectivitgd should vary fromd=3 for

3D networks of tetrahedral coordination polyhedradte?2

for 2D structures and td=1 for 1D chains, enabling Bogue
and Sladek to associate it with the connectivity of glass
networks; we follow their suggestion here since this ap-
proach provides useful insight into the nature of the skeletal
configuration. Whether glasses can be considered to have a
fractal character has been difficult to establish. In fact, most
testing of fractal models for amorphous solids has been car-
ried out on suitably prepared aerog&lsA value of d=1

One possible source is the topological disorder in glassegyould be expected for a glass having a nearly one-
which introduces the supplementary degrees of freedom, gidimensional structured=2 for a two-dimensional net-
ing rise to the “universal” anomalies in thermal, acoustic, work: Values of this order are found in quasi-2D glasses
optical, and dielectric propertié&3~*In the absence of such as AsS, and AsSe; (Table IV) and in many borate
specific-heat data, it is not possible to calculate the thermajlasseqTable Ill). In the tetrahedrally coordinated network

Gruneisen parameter, which would be instructive.

glasses such as SjQd is around 3(Table 1V). The fractal
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TABLE IIl. Elastic properties and bond connectivities of borate glasses at room temperature calculated
from published ultrasonic wave velocity datafAg,0),(B;03)(1 ) (Refs. 2, 33, (Liz0),(B,03)(1 ) (Ref.
36), (Kx0)y(B203)(1-y) (Ref. 37, and(Na,0),(B,03)(1 -y (Ref. 38.

Ultrasonic Bond
Mole Density  wave velocity Elastic moduli connectivity
fraction (kg m™9) (ms™ (X10'°N m™?) 4C,,/B
y A Vs Cu Cua B d
(Agz0)y(B;03) 1 -y)
0.00 4030 4232 2181 7.218 1917 4.662 1.64
0.10 4270 4079 2078 7.105 1.844 4.646 1.59
0.20 4380 3895 2049 6.645 1.839 4.193 1.75
0.40 4660 3509 1819 5.738 1542 3.682 1.68
0.50 4750 3238 1679 4980 1.339 3.195 1.68
0.60 4840 3011 1603 4388 1.244 2.730 1.82
0.00 3280 4191 2236 5.761 1.640 3.575 1.84
0.20 3360 3911 2141 5.139 1540 3.086 2.00
0.30 3550 3868 2045 5.311 1.485 3.332 1.78
0.40 3650 3640 1925 4836 1.353 3.033 1.78
0.30 5420 3367 1606 6.144 1.398 3.281 131
0.40 5550 3134 1524 5451 1.289 3.732 1.38
0.50 5680 2843 1314 4591 0.981 3.283 1.19
0.60 5760 2545 1168 3.731 0.786 2.683 1.17
0.70 5820 2276 1030 3.015 0.617 2.192 1.13
(Li20)y(B203)(1-y) 0.00 1800 3470 1910 2167 0.657 1.292 2.03
0.11 1980 4800 2620 4562 1.359 2.750 1.98
0.25 2100 5670 3160 6.751 2.097 3.955 2.12
0.50 2050 6920 3970 9.817 3.231 5.509 2.35
0.70 2300 7110 4070 11.627 3.810 6.547 2.33
(K20),(B203)(1-y) 0.10 2050 4332 2375 3.847 1.156 2.305 2.01
0.20 2138 4560 2480 4446 1315 2.692 1.95
0.30 2282 4962 2719 5.619 1.687 3.369 2.00
0.34 2306 4914 2653 5,568 1.623 3.404 191
(Nd0),(B20g)(1 -y, 0.10 2047 4564 2520 4264 1.300 2531 2.05
0.20 2186 5197 2857 5.904 1.784 3.525 2.02
0.30 2340 5721 3204 7.659 2.402 4.456 2.16
0.36 2386 5744 3196 7.872 2437 4.623 211

bond connectivity foAgl),(AgPOy)(; ) glasses was found By contrast, for th€Ag,S),(AgPO;)(1 ) glasses the fractal

to decrease monotonically with increasing Agl concentratiorbond connectivity remains greater than unity after addition
from the value of 1.10 in the pure AgR@lass to 0.88 at of Ag,S. A NMR study has shown that A§ is less effective
x=0.462 The value of 1.10 found for a pure AgR@neta- than AgSO, in modifying polyphosphate chains into end
phosphate glass sample is consistent with a structure conmits® That the fractal bond connectivity is greater than unity
prised of chains of PQtetrahedra which are very weakly is in qualitative agreement with a smaller induced reduction
cross-linked. The decreaseabelow unity implies breaking in chain length and cross-linking by AS.

of the phosphate chains, when Agl is included. The present In contrast to the essentially one-dimensional chain struc-
values found fod decrease somewhat from 1.22 for the pureture of the silver metaphosphate glasses, borate glasses are
AgPQ; glass to below unity fo(Ag,SO,)(AgPOs)(1— (d  considered to be based on two-dimensional configurations of
=0.96 and 0.91 fox=0.1 and 0.3, respectivelybut remain  the planarBO,) triangular unit, and indeed a wide range of
above unity for(Ag,S),(AgPO;3)(; 5 (d=1.11 and 1.10 for borate glasses is found to have a fractal dimendioearer 2
x=0.1 and 0.3, respectively This implies some cross- (Table Ill). In the case of the borate glasses of the type
linking between the phosphate chains in these glasses. NMRQI),{(Ag,0),(B;03)(1-y)}1-x With y=0.2, 0.33, and
studies of (Ag,SOy(AgPOy)(;_,) glasses suggest a 0.5 "the effect of Agl doping is nonmonotonic, an increase
network-modifying effect by which metaphosphate chainsin y, the mole fraction of AgO, leading to a reduction df,

are converted to “end units” with a bridging sulphdtey  consistent with the breaking of B-O-B bridges and the reduc-
reduction ofd to less than unity with A¢5O, addition to the  tion of network connectivity. An important difference be-
phosphate glass is consistent with such a modifying effectween the borate-based glassesg,0),(B,03);-y) and
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TABLE IV. Elastic properties and comparison between the frac-elastic and nonlinear acoustic properties of the superionic
tal bond connectivityq) of glasses. References indicate the sourcessilver-phosphate-based glasses.
of the bulk B) and sheafC,,) moduli (units 13° Pa.

Fractal VIIl. CONCLUSIONS

Glass Reference B C44 bond connectivityd ) ) ]

(1) The attenuation and velocity of ultrasonic waves have
Fused SiQ 39  3.63 315 3.47 been measured in superionic silver phosphosulphate
Wycor 40 2.65 2.27 3.43 (AQ2SOy(AGPOy) (1 - and phosphosulphide
(K,0)(Si0y)5 41 2.83 2.41 341 (AQS)(AgPO;)(; ) glasses as a function of temperature
Pyrex 42 4.18 2.79 2.67 between 1.5 and 300 K. In general, the temperature depen-
Sodium borosilicate 43 3.40 2.12 2.49 dences of the acoustic properties in the MHz frequency re-
(F&03)0 38 P205)0.62 44 430 2.69 2.50 gion indicates that the A§ and AgSO, dopant salts play a
(V505)0 44P>05)0 55 45 3.84 2.18 227 different role in the structure-dependent properties of these
(SM,03)0 24P,05)0 75 46 3.91 2.38 2.44 superionic glasses® The broad high-temperature relaxation
(ZN0)g 534 P>05)0 465 47 273 1.59 233 loss peak gharacteristic of glasses has been used to determine
(M0Os)o 55P,05)0 65 48 219 1.68 307 the relaxation parameters.
(CuO)sdP:Ososs 45  3.97 2.47 2.49 (2 For  the  (Ag;SOloAgPOs)o7  and
As 49 1.75 0.928 212 (Ag,9), 5(AgPO;), 7 glasses below 100 K, there is a contri-
Se 50 0.94 0.369 157 bution to ultrasonic velocity, in addition to those arising from

the relaxation effects and the anharmonic interactions, which

As,S 51 1.36 0.673 1.98 . L

2>% follows a linear temperature dependence. This is the behav-
ASSs o1 1.20 0.566 1.89 ior predicted by the SPM for a relaxation mechanism involv-
Pdh 4Nig 40,20 52 185 3.86 0.83 P y

ing soft single-well harmonic oscillatof$1O’s) which inter-
act with the ultrasonic deformation field by a modulation of
the interlevel spacing. The soft HO relaxation contribution to
the ultrasonic velocity temperature dependences of silver-
(AgD,{(Ag0)y(B2O3)(1-y)h1-x) (Ref. 2 and the phosphate phosphate-based and lanthanide metaphosphate glasses,
(Ag«(AgPG;)(1 ) (Ref. 3 glasses is that for the borates which are quite different in structure, has a similar magni-
the shear mode softens under pressuset in contrast the tude, in accordance with the suggestion that the SPM should
vibrational anharmonicity of the long-wavelength shearbe universally applicable to glasses.
modes propagated iAgl),(AgPO;)(; ) glasses is normal. (3) Velocities of ultrasonic waves propagated in the mo-
Another marked difference in vibrational mode anharmonici-lybdate (Agl), 75/Ag,M00,), -5 glass are much slower, and
ties is that the acoustic mode @misen parameterg and  the elastic stiffnesse8;; andC,, and the bulk modulus 3
yg are substantially larger for the phosphates than for tha@re correspondingly much smaller than those in the silver
borates(Table ). The shear mode softening in the boratesphosphates. The silver-molybdate-based glass has a much
results from the open two-dimensional structure, which aldarger compression than those found for the stiffer phos-
lows bending vibrations involving bridging oxygen atoms. phates. The binding forces in the molybdate are much
The marked differences between the acoustic mode vibrawveaker than those in the phosphate glasses.
tional anharmonicities between the phosphate and borate (4) The velocities of longitudinal and shear ultrasonic
glasses is associated with the essentially one-dimensional naaves  propagated in  the (Ag,S)\(AgPOy)(1-y),
ture of the former and two-dimensional structure of the latter(Ag,SO,)(AgPO;)(; —x), and(Agl)o 74 Ag,M00,), 25 glasses
Finally, it is interesting to place the elastic and nonlinearare linearly dependent upon hydrostatic pressure. The pres-
acoustic behavior of the phosphate-based superionic glassesgre derivatives for each of these glasses are positive with
in context with those of other metaphosphate glasseé/C fllaP)T'p:O being much larger thandC §4/aP)T,P:O-
M(POy),, whereM is a metal cation of valence. In gen- (5) For the phosphate-based superionic glasses, the long-
eral, such materials comprise a network of ,R€rahedra, wavelength shear mode softens under pressure in contrast to
each fourfold-coordinated phosphorus having one doublyhe stiffening observed for the corresponding borates. The
bonded and a singly bonded oxygen and two bridging oxyiong-wavelength acoustic mode @risen parameters,
gens to neighboring tetrahedra. The polyphosphate skeletahdys are substantially larger for the phosphates than for the
groups are interconnected by rather weaker ionic bonds tborates. The shear modeys is negative for the
the metal cations. The fractal bond connectivity determinedAg,0),(B,03)(1—yy and (Agl),{(Ag;0),(B;03)(1-y)k1-x)
(Table IV) for the phosphate glasses modified with cationsglasses. For the phosphate glasses the acoustic mode fre-
having a valency greater than unity range between 2.27 anguencies increase in the usual manner under pressure, the
3.07. When the cation valence is greater than unity, moreffect being larger for the volume-dependent longitudinal
cross-linkage occurs and so phosphate glasses modified withodes.
cations such as Zi, C#*, Fé*, Snt', Vv, and MJ™, (6) The linear thermal expansion coefficieAtbecomes
which have compositions in the vicinity of the metaphos-anomalously negative at lower temperatures for each of the
phate composition, have a three-dimensional phosphate skélAg,SO,)(AgPO;)(; ) and (Ag,S),(AgPO;)(1 -« glasses.
eton. This is quite different from that of the silver-phosphate- (7) In contrast to the essentially one-dimensional chain
based superionic glasses, which are comprised of the onstructure of the silver metaphosphate glasses, the borate
dimensional polyphosphate chains which dominates thglasses are based on two-dimensional configurations of the




5300 G. A. SAUNDERSet al.

planar (BOg) triangular unit: A wide range of borate ACKNOWLEDGMENTS

glasses has a fractal bond connectivity nearer to 2. The dif- e are grateful to Dr. D. P. Almond for providing a silver
ferences between the effects of pressure on the elastic behayplyhdate glass specimen, to Dr. A. Magistris for preparing
ior and vibrational anharmonicity of the long-wavelengththe silver sulphide and silver sulphate phosphate glasses, to
acoustic modes of the two types of glass have been assodt. F. Lambson for experimental assistance, and to Dr. H. B.

ated with these structural differences.

Senin for many valuable discussions.

*On sabbatical leave from Faculty of Applied Science, University?2J. A. Garber and A. V. Granato, Phys. ReviB 3990(1975.
of Central Queensland, Rockhampton Campus, Q4702, Austreé?®s. Hunklinger and M. V. Schickfus, iAmorphous Solidsedited

lia.

1G. Carini, M. Cutroni, M. Federico, and G. Tripodo, Phys. Rev. B

37, 7021(1988.

2G. A. Saunders, H. A. A. Sidek, J. D. Comins, G. Carini, and M.

Federico, Philos. Mag. B6, 1 (1987).
R, Bogue and R. J. Sladek, Phys. Rev4B 5280(1990.
4J. Gombeau and H. Z. Keller, Inorg. Che@v.2 303(1953.

by W. A. Phillips, Topics in Current Physics Vol. 2&pringer-
Verlag, Berlin, 198}, p. 81.

30F. D. Murnaghan, Proc. Natl. Acad. S0, 244 (1944).

31R. O. Pohl, inAmorphous Solidsedited by W. A. Phillips, Topics
in Current Physics Vol. 24Springer-Verlag, Berlin, 1981 p.
27.

823, Jakle, in Amorphous Solidedited by W. A. Phillips, Topics in

5F. L. Galeener, G. Lucovsky, and J. C. Mikkelsen, Phys. Rev. B Current Physics Vol. 24Springer-Verlag, Berlin, 1991p. 135.

22, 3983(1980.

6M. Cutroni, A. Magistris, and M. Villa, Solid State lorh3-56
1232(1992, and references therein.

7S. Scotti, M. Villa, P. Mustarelli, and M. Cutroni, Solid State lon.
53-56 1237(1992.

8D. J. Bergman and Y. Kantor, Phys. Rev. L&8, 511 (1984.

°R. C. Zeller and R. O. Pohl, Phys. Rev.432029(1971).

0w, A. Phillips, J. Low Temp. Physt, 351(1972.

1A, Avogadro, S. Aldrovani, and F. Borsa, Phys. Rev3B 5637
(1986.

125, Alexander and R. Orbach, J. PhyBari§ 43, L625 (1982.

13R. Orbach, Scienc231, 814 (1986.

. G. Karpov, M. I. Klinger, and F. N. Ignatiev, Zh. Eksp. Teor.
Fiz. 84, 760(1983 [Sov. Phys. JETB7, 439(1983].

15y, G. Karpov and D. A. Parschin, Pis’'ma Zh. Eksp. Teor. B,
536 (1983 [Sov. Phys. JETP LetB88, 648(1983].

186G, carini, G. D'Angelo, G. Tripodo, and G. A. Saunders, Nuovo

Cimento D16, 1277(1994.

17G. carini, G. D'Angelo, M. Federico, G. Tripodo, G. A. Saun-
ders, and H. B. Senin, Phys. Rev.5B, 2858(1994).

8y. Buchenau, Yu. M. Galperin, V. L. Gurevich, and H. R.
Schober, Phys. Rev. B3, 5039(1991).

19y. Buchenau, Yu. M. Galperin, V. L. Gurevich, D. A. Parschin,
M. A. Ramos, and H. R. Schober, Phys. Revi® 2798(1992.

20D, A. Parschin, Phys. Rev. B9, 9400(1994.

2D, P. Almond, G. K. Duncan, and A. R. West, J. Non-Cryst.
Solids 74, 285(1985.

22E. P. J. Papadakis, Acoust. Soc. Ad2, 1045(1967).

2R. N. Thurston and K. Brugger, Phys. R&33 A1604 (1964.

243. Jakle, Z. Phys257, 212(1972.

250, L. Anderson and H. E. Bomel, J. Am. Ceram. So&8, 125
(1955.

26M. Cutroni, A. Mandanici, A. Piccolo, P. Mustarelli, C. Fanggao,
and G. A. Saunders, Philos. Mago be published

27T, N. Slater and R. J. Sladek, Phys. Revl® 5842(1978.

33W. A. Phillips, in Phonons '89edited by S. Hunklinger, W. Lud-
wig, and G. Weis§World Scientific, Singapore, 1989. 367.

34R. Vacher, T. Woignier, J. Pelous, and E. Courtens, Phys. Rev. B
37, 6500(1988.

35G. Carini., M. Cutroni, M. Federico, and G. Tripodo, Phys. Rev.
B 32, 8264(1985.

36M. Devaud, J-Y. Prieur, and D. Walla¢anpublishedl

%M. Kodama, J. Non-Cryst. Solidk27, 65 (1991).

%M. Kodama, J. Mater. ScR6, 4048(1991).

39E. H. Bogardus, J. Appl. Phy86, 2504(1965.

40M. H. Manghnani and W. M. Benzing, J. Phys. Chem. So8fis
2241(1969.

413. C. Thompson and K. E. Bailey, J. Non-Cryst. Solit¥% 161
(1978.

42D. S. Hughes and J. K. Kelly, Phys. Ré&2, 1145(1953.

43C. A. Maynell, G. A. Saunders, and S. Scholes, J. Non-Cryst.
Solids12, 271(1973.

4M. P. Brassington, A. J. Miller, J. Pelzl, and G. A. Saunders, J.
Non-Cryst. Solids#4, 157 (1981.

453. M. Farley and G. A. Saunders, Phys. Status Soli@8A199
(1975.

46A. Mierzejewski, G. A. Saunders, H. A. A. Sidek, and B. Bridge,
J. Non-Cryst. Solid404, 323(1988.

4'A. A. Higazy, B. Bridge, A. Hussein, and M. A. Ewaida, J.
Acoust. Soc. Am86, 1453(1989.

483, D. Comins, J. E. Macdonald, E. F. Lambson, G. A. Saunders, A.
J. Rowsell, and B. Bridge, J. Mater. S, 2113(1987).

“9M. P. Brassington, W. A. Lambson, A. J. Miller, G. A. Saunders,
and Y. K. Yogurtai, Philos. Mag. B42, 127 (1980.

50p, 3. Ford, G. A. Saunders, E. F. Lambson, and G. Carini, Philos.
Mag. Lett.57, 201(1988.

5IM. P. Brassington, A. J. Miller, and G. A. Saunders, Philos. Mag.
B 43, 1049(198)).

52E F. Lambson, W. A. Lambson, J. E. Macdonald, M. R. J. Gibbs,
G. A. Saunders, and D. Turnbull, Phys. Rev38& 2380(1986.



