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A low-temperature ultrasonic study of Agl-Ag20-Bz03 superionic glasses is presented. %e show

that for T g 10 K the acoustic behavior is governed by the two-level-system (TLS) phonon-assisted
relaxation. The analysis of the sound-velocity data seems to suggest that TLS-phonon interactions
are essentially governed by a two-phonon or first-order Raman relaxation process for T p 3 K. The
TLS density of states P does not follow the recently proposed empirical law, that P should be an ex-

ponentially increasing function of Tz, TG being the glass transition temperature. By calculating
the tunneling frequency for the silver ions, which are subjected to thermally activated jumps at high
temperatures (T ~ 77 K), values have been obtained which exclude them as a microscopic origin of
TLS's, and some alternative hypotheses are proposed.

I. INTRODUCTION

The AgI-Ag20-8203 glassy systems are a class of fast-
ionic conductors, characterized by high mobility of silver
ions. A preliminary investigation of the low-
temperature acoustic attenuation in some of the cited
glasses emphasized the existence of the typical anomalies
of the glassy solids, which are generally attributed to lo-
calized low-energy excitations. These excitations are well
explained in terms of the tunneling model '5 which
presumes the presence in the network of single atoms or
groups of atoms, having two different equilibrium posi-
tions (double-well potential description}. At low-
temperature, transitions between the positions are made
possible by tunneling, and the interactions with phonons
give rise to resonant and relaxational effects.

In superionic glasses the silver ions are subjected, at
high temperatures (T y77 K), to thermally activated
jumps between available sites in the network, as revealed
from the acoustic losses and dispersions, due to ionic mi-
gration effects. '

This peculiarity suggested the possibility of explaining
all of the acoustic behavior in superionic glasses, involv-
ing silver ions: tunneling motions at low temperatures
and thermally activated jumps at high temperatures.
Such an attribution seemed very attractive, because it
would have supplied an unitary explanation on the mi-
croscopic origin of the observed acoustic anomalies in
these glasses.

Now the tunneling frequency Q/2m can be calculated
by the following relation:

Q=cooe, A, =d(2m V}' A'

d being the distance between two Ag sites, m the mass of
a tunneling silver atom, V the height of the potential-
energy barrier between the two minima corresponding to
two Ag sites, and uo is of the order of the oscillator fre-
quency. Inserting the values of V and d, obtained by a re-
cent detailed analysis of the migration losses in AgI-
Ag20-Bz03 glasses, for all the glasses we obtatn a magnt-

tude order of A, of about 10, corresponding to e =0.
Taking the existence of a barrier-height distribution also
into account, such values undoubtedly seem to exclude
the possibility of tunneling for the silver iona, which are
responsible for the fast conduction processes at high tem-
peratures.

Similar conclusions were inferred from an ultrasonic
study on a class of lithium-based superionic glasses it
was proved that the two-level-system (TLS) density is in-
dependent from the lithium ion density. In order to have
a better understanding of the question regarding the TLS
microscopic origin in superionic glasses, we present here
the results of a low-temperature ultrasonic study on the
(Agl)„[(Ag20)y(8203), y], „glasses and we will discuss
them in the light of the current theories of TLS.

II. PREPARATION OF SAMPLES
AND EXPERIMENTAL DETAILS

Diff'erent compounds of the (AgI)„[(Ag20)
(Bz03), «], „glassy system, x and y being the molar
fractions, were analyzed. The details, concerning the
preparation and the appropriate storage to prevent any
possible contamination, have been underlined else-
where. "

Ultrasonic measurements in the 15-85-MHz frequency
range, both for longitudinal and shear waves, were per-
formed in the 1.5-35-K temperature range by the same
experimental setup and procedure previously de-
scribed. ' A11 the attenuation data presented have been
corrected for an average diffraction loss A, la dB cm ', A,

being the ultrasonic wavelength and a the transducer ra-
dius. The contribution to the loss of the bonding agent
between the transducer and the sample was neglected, be-
cause its typical thickness was lower than 4 pro.

III. RESULTS AND DISCUSSION

A. Acoustic attenuation

The temperature behavior of the acoustic attenuation
in the glass with x =0.0 is shown in Fig. 1(a) (longitudi-
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nal waves) and Fig. 1(b) (shear waves). Similar behaviors
are also observed in other glasses studied. It is evident
that the acoustic attenuation initially increases quite
sharply with the temperature with a frequency-dependent
slope and in the intermediate-temperature region it
presents a plateau; which is also frequency dependent.
The presence of a plateau in the acoustic attenuation was
theoretically predicted by Jackie in the frame of the
"TLS-phonon-assisted relaxation. " In this process the
acoustic wave inteI'acts with TLS s, modlfylng thelI'

thermal equilibrium population and a new equilibrium
distribution will be reached by the cooperation of thermal
phonons in a characteristic relaxation time T, , that in
the case of a one-phonon or direct process is given by "

' =rK& TI(E/2kT) coth(E/2kT),

where

4k'
KI =

~ g y; /V~',

with index i referring to the diFerent polarizations (one
longitudinal and two transverse). In . (2) the TLS
splitting energy E is equal to (b,o+b, )', ho being the
tunneling energy and d, the eventual asymmetry of the
double-well potential; y; are the deformation potentials,
v, and u, are the longitudinal and transverse sound wave
velocities, and p is the density. The parameter

r =(ho/E) ranges between a minimum value r,„and 1

(giving rise, as a consequence, to a T, distribution) to
take the existence of a coupling constants distribution
into account, arising from the randomness of the net-
work. An attenuation of the sound waves results from
this process, which can be expressed as"

p 2

a; = I d(E/2kT)sechI(E/2kT)
pu;

2

p 1 p'~2) —' Co Ti
"min 1i+CO T)

where I' is the constant density of states of the TLS and ~
the angular sound frequency. It has been usual practice
to assume without concrete justification that the standard
tunneling distribution works for all glasses. I'o ' In the
limit of high temperatures when coT, '"

&g 1 [T, '" is the
minimum value of Ti and it corresponds to set r =1 in
the Eq. (2)], Eq. (3) gives

2

3
Co= C]CO

2u;

and at low temperatures, when AT I &pl, Eq. (3) leads to

4 2~r,
a; — KIT

P"i

(a)

0~ 0
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~ ~ ~ ~ ~

~ ~ 45HHZ, e
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In our glasses the T-independent acoustic absorption,
proposed by Eq. (4), is clearly evident but the linear fre-
quency dependence does not seem to have been exactly
verified, see Fig. 2. This circumstance arises, of course,
from the presence of a temperature-independent but
frequency-dependent background, which must be sub-
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FIG. 1. Typical temperature behavior of acoustic attenuation
in (Agl)„[(Ag20)~(B203), «], „:(a) longitudinal waves; (b)
shear waves.

FIG. 2. Typical logarithmic plot of the acoustic attenuation
vs frequency in the temperature region of the plateau for
(Agl)xl(Ag20)r(8203)i —y]i-x glasses. Note the shift of the hor-
izontal scale beginning for the difFerent samples.
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tracted from the experimental data in order to quantita-
tively evaluate the contribution of the TLS relaxation
process. %'e can in advance discard the inhuence of the
ultrasound-thermal-phonon interaction, because its con-
tribution is insigni5cant at this temperature and frequen-
cy range. '

Other insigni5cant acoustic losses which are added to
those of microscopic origin could arise from some degree
of the sample faces nonparalleiism (eventually induced by
the presence of a bonding agent) and also from the
scattering of ultrasounds, due to small inhomogeneities,
as pores (voids) or precipitates (in multicomponent
glasses). However, both these loss sources have been
evaluated' and it results in an attenuation proportional
to f2 for the former and to f4 for the latter, in the case of
the Rayleigh approximation.

Considering that the wavelength of ultrasounds used
varies in the range between 30 and 300 pm and that the
studied glasses (which are suliciently transparent) appear
to be very homogeneous, the Rayleigh condition is shown
to be completely satisSed. Thus only the TLS relaxation
gives a linear contribution to the frequency dependence
of the acoustic attenuation in the temperature region of
the plateau. In Fig. 3 we report a typical plot of a/f as a
function of f in the plateau region, both for longitudinal
and shear waves. A linear behavior of a/f is evident
which corresponds to an f contribution as dominant in
the background attenuation. Of course the extrapolation
of the curve at f=0 furnishes the coemlcient of the linear
term in the frequency dependence of the acoustic at-
tenuation, whose expression is given by Eq. (4).

The values of C; for the various glasses are inserted in
Table I. By the expression of C, , it was possible to calcu-
late the product Py;, also inserted in Table I with the
values of p and u.

By subtracting the acoustic background from the ex-
perimental data, it is possible to verify the e«T behavior
[see Eq. (5)] with the decreasing temperature. The corre-
sponding plot is shown in Fig. 4 for one of the glasses
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FIG. 3. Typical frequency behavior for the
(Agl)„[(Ag20}«(8203}~ «]~ „ofthe ratio between the acoustic
attenuation and the ultrasound frequency in the temperature re-
gion of the plateau.

studied, as typical: a deviation of the low-temperature
data from the e«T curve is evident, indicating the loca-
tion of the o«TP ~~1 region at lower temperatures.

In Fig. 4 we also show, as a continuous line, the result
of the experimental data best Ilt by Eq. (3) and by using
Py; and E3 as free parameters in a MINUIT minimum
search program.

The obtained values of Py; and E3 are 2.2X10
ergs cm and 1.12& 10 K s ', respectively. The
value of Py, is practically the same one deduced by the
application of Eq. (4) in the plateau temperature region
(see Table I). However, the agreement between the
theoretical curve and the experimental data is quite good
in the plateau region, but not satisfactory where the
acoustic attenuation shows a bending. Probably TLS-
phonon interactions, more complicated than the direct
ones, must be taken into account. " This peculiarity will
be conSrmed by the sound-velocity behavior analysis dis-
cussed later. We have similar situations for the other fre-
quencies investigated and in other glasses.

TABLE I. Values of density p, sound velocities V, parameters C and Py; [see Eq. (3)], couphng constant y„TLSdensity of states
P, and glass transition temperature To for (AgI},[(Ag,O}«(BzO,}, «], , glasses. The values of sound velocities refer to longitudinal
waves when not pointed out and always at 1.8 K. The values ofp and TG are those of Ref. 1.
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5.68
3.78
5.15
2.63

Py2
(108 ergscm 3)

y =0.33

4.47
0.81
3.42
1.39
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(eV)

0.72
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0.65

I'
(10'2 ergs 'cm )

3.36

2.79
1.28
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606

0.3
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4.13
6.27
3.01

y =0.5
6.13

2.07
0.72
1.25

0.63
0.56

0.55

6.02
2.58

1.61

588
523

513

'Extrapolated value (see Ref. 7)
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FIG. 4. Logarithmic plot of the acoustic attenuation arising
from the TLS relaxation in the glass with y =0.5,x =0.6. The
continuous line corresponds to the theoretical fit by Eq. (3) (see
text). The dashed line has a slope of about 0.9. -10Q—
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8. Sound velocity

In Fig. 5 the temperature dependence of the sound-
velocity fractional variation hu/U =[U(T) Uo]/Uo is-
shown, uo being the value at the lowest temperature for
vaflous glasses.

Three physical mechanisms could contribute to the veloc-
ity behavior in this temperature range: the TLS reso-
nance, the TLS relaxation, and the anharmonicity.

The anharmonic contribution' ' will be very small for
T & 30 K, taking also into account the similarity (as or-
der of magnitude) of the average Gruneisen parameters in
crystals and in glasses. ' *'8' As a consequence it can be
neglected.

The temperature dependence of EU/u, due to the over-
lap of other two contributions, when ~T& ~~1, can be
written as '

EU/U =—nC;ln( T/To), (6)

To being an arbitrary reference temperature. The param-
eter n will be equal to —,

' in the case of a direct or one-
phonon process and to —,

' in the case of a Srst-order Ra-
man or two-phonon process. "

Now the condition ~T, ~& 1 is satis6ed in all the sam-

The following peculiarities are revealed.
1. In the region of the lowest temperatures (T & 3 K)

the sound velocity is about almost constant in all the
glasses.

2. For T y 3 K in the glasses with x =0.0 and x =0.4,
the velocity first shows a logarithmic decrease with the
temperature and then it tends to bend; in the glass with
x =0.6 it always has a decreasing behavior with the tem-
perature, but with a continuously changing slope.

FIG. 5. Fractional sound velocity of 15-MHz longi-
tudinal waves as a function of temperature in
(Agl)„[{AgzO)033(8/03)0 67]~ „glasses: (a) longitudinal waves;
(b) transverse waves. The continuous lines have a slope of
—15.6)(10 in (a) and of —9.5 X 10 in (b).

ples for T ~ 3 K, when f =co/2m =15 MHz, as can be
checked from the attenuation data. In fact, above 3 K we
find a logarithmic decrease with the temperature of hu/u
in the glasses with x =0.0 and x =0.4, whose slope (con-
tinuous line in Fig. 5) is, respectively, —9.5X10 and
—15.6&10 . Both these values are very near —,

' of the
corresponding C;, see Table I, and this circumstance
seems to indicate that at "high temperatures" (r0TP « 1)
the dominant process in the TLS-phonon-assisted relaxa-
tion is a two-phonon process.

In the glass with x =0.6 the lack of a temperature log-
arithmic decrease of diu/U is probably due to the onset of
a thermally activated relaxation characterized by low ac-
tivation energies, whose low-temperature tail should
mask the contribution of the TLS relaxation. Evidence
for this relaxation, whose temperature location at ul-
trasonic frequencies is between 4.2 and 77 K, appears
from the low-temperature acoustic behavior in glasses of
the same series' and in sodium borate glasses. More-
over, the shape of the bu/v(T) curve in the glass with
x =0.6 above 6 K seems typical of a dispersive behavior.
In the glasses with a lower AgI content the location of
this relaxation should be shifted at higher temperatures,
avoiding its observation in the explored temperature
range and also its overlapping on the TLS relaxation.
More research is at present in progress to verify these last
suppositions.
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C. TI.S density of states aud glass trsusitiou temperature

It has been established that there is an empirical con-
nection between the glass transition temperature T& and
the TLS density of states I'. To Snd out if this connec-
tion also exists in these superionic glasses, it is necessary
to know P which can be obtained from the measured
products Py; given in Table I. Hence an assessment of
the corresponding values of the coupling constants y; is
needed. In principle it is possible to obtain y; and P from
complete measurements of ultrasonic attenuation and ve-
locity at very low temperature but ~e do not have access
to that technology.

However, there is an alternate procedure which can be
used to assess the y; values from the recently proposed
empirical law which provides a roughly linear correlation
between the coupling constants and the glass transition
temperature T& for a wide range of amorphous materi-
als 21,22

As already described by Reichert et al. , we have plot-
ted the known values of y; for various glasses as a func-
tion of each corresponding TG in Fig. 6; despite a lot of
scatter in the data, a clear trend of increase of the cou-
pling constants with increased TG can be seen.

By using the TG values of our glasses, ' we have been
able to extract the corresponding coupling constants y;
(given in Table I) from the best hnear fit to the data
shown as a continuous line in Fig. 6. It is worth observ-
ing that y; obtained are very near to those directly deter-
mined from experiment in another type of ionic conduc-
tors: the lithium-based borate glasses. ' The TLS densi-
ties of states P, consequently obtained are also inserted in
Table I.

Now it clearly results that Py f and also the TLS spec-
tral density P decrease with the AgI content, and conse-
quently with TG (see Table I) for the glasses with y =0.5
and g =0.33.

Recently Reichert et al.~~ have proposed thatP and
TG are related by the following relation:

P =Poexp(b, /kTG ),
where Po 5.5X10 ' ergs——'cm and b, /E =630 K.

The ionic glasses studied do not follow these empirical
law (an exponential increase of P with TG '}. Moreover,
the relation does not give the magnitude of the values of
P, even taking into account the assumption used to get
them: for example for the glass without AgI (rG ——663
K), by Eq. (7) we obtain a value for P of 1.42X1032
ergs ' cm . Similar remarks also arise from the
analysis of the P values in lithium-borate glasses (see
Table II in Ref. 10): P increases with TG (the only excep-
tion being the glass with 0.25 Li20) and its value is quite
higher than the one excepted by Eq. (7).

Now the anomalous behavior of P with TG, shown by
Ag I Ag20 B)03 glasses, could be explained by the actual
structural hypothesis on these systems.

As a matter of fact it has been inferred ' that the
silver iodide slightly a8'ects the random network of borate
glass (AgzO-Bz03) and it gives rise to the formation of
microdomains, weakly bonded to the host matrix, that re-
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FIG. 6. Behavior of the deformation potentials y; vs the
glass transition temperature, as coming out from the actual ex-
perimental knowledge. A: selenium (Ref. 22); 8: Bz03 {Ref.
10); C, 0, E, and F: lithium-borate glasses (Ref. 10); 0: BK7
(Ref. 21); H, I, and K: Suorozirconate glasses BALNA, V52,
and LAT (Ref. 21); PMMA (Ref. 22); amorphous water (Ref.
22). The continuous lines come out from the best linear fit.

mind one of crystalline AgI on a local scale. From this
point of view the relevant contribution to the TLS spec-
tral density would be the one of the Ag20-8203 matrix
and as a consequence P will decrease with the AgI con-
tent. Following such an interpretation, we can try to
identify the TLS as arising from some kind of local
motion involving particular atomic units, present in the
borate matrix. Tentatively we can suggest that these
motions could be connected to some microscopic rear-
rangements of the tetrahedical 804 groups and of non-
bridging oxygens, which are formed in increasing num-
bers, when Ag20 (or generally an alkaline metallic oxide}
(Ref. 24) is added to the boron dioxide. However these
suggestions need a more clear support, as we should be
able to obtain, by extending our research to other glasses
of the (AgzO)~(Bz03), ~ system.

IV. CONCLUSIONS

A low-temperature ultrasonic study of AgI-Ag20-8203
glasses reveals the presence of anomalies in the acoustic
attenuation and in the sound velocity, which are well ex-
plained in terms of the TLS-phonon assisted relaxation.

The sound-velocity behaviors seem to indicate, as dom-
inant in the coT

& &g 1 temperature region, a two-phonon
or first-order Raman relaxation process. The values of
the TLS density of states I' and their behavior as a func-
tion of the AgI content and, as a consequence of TG, do
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not follow an empirical law which proposes an exponen-
tial connection between P and TG '. lt is argued that in

ionic glasses T& is not the only parameter which deter-
mines the TI,S density of states apd it is probably neces-
sary to introduce some other parameter which takes the
stoichiometry of the glass into account.

Finally it has been deduced that the mobile silver ions,
which cause migration losses at higher temperatures, can-
not be considered as a microscopic origin of TI.S. In this

connection the behavior of P as a function of the Agi
content seems to suggest that only the borate matrix con-
tributes to the formation of two-level systems.
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