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Ultrasonic relaxation in CoO-P,0; glasses at
high temperatures

B. BRIDGE, A. A. HIGAZY
Physics Department, Brunel University, Kingston Lane, Uxbridge, Middlesex UB8 3PH, UK

The attenuation of ultrasonic compressional waves in CoO-P,0; glasses has been measured
over the temperature and frequency ranges 250 to 640K and 15 to 75 MHz, respectively. Twin
loss peaks in the attenuation against temperature plots at constant frequency, were attributed
to a relaxation loss of the standard linear solid type, with low dispersion and two, discrete,
Arrhenius relaxation times. Unlike the case of low-temperature loss peaks in glasses, it was
not found necessary to assume a continuum of relaxation times to explain the width of the
loss peaks. Activation energies and attempt frequencies were in the range, respectively, almost
one and three orders of magnitude higher than corresponding values typifying the low-
temperature loss peaks in the same glass system. This result suggests the existence of 2-well
systems with dimensions of the order of the diameter of a structural unit or atomic ring rather
than the width of one or two atoms, and perhaps relaxing particles the size of a structural

unit rather than a single oxygen atom. Activation energies in the various glasses were found to
be proportional to the product of the mean force constant and compressibility. The calculated
number of two-well systems (loss centres) per unit volume is small and comparabie with what

obtains in the low-temperature loss case. The composition dependence of several other
properties of the relaxation process is discussed and a common feature is a discontinuity in
the composition dependence of all of these properties at metaphosphate composition.

1. Introduction

Ultrasonic relaxation phenomena in oxide glasses
have been widely studied below room temperature.
Investigations at elevated temperatures up to the
softening point are rare and the present paper gives
the first published data on phosphate glasses. At a
constant frequency, peaks in the temperature depen-
dence of the attenuation occur which seem attribu-
table to a standard linear solid behaviour with low
dispersion and Arrhenius relaxation times. Whilst
differing from the low-temperature relaxation loss
in terms of the order of magnitude of the activation
energies and attempt frequencies characterizing the
loss, the most interesting feature of the high relax-
ation phenomenon is the width of the loss peaks, each
of which can be understood in terms of the operation
of a single relaxation time, i.e. there exist discrete
relaxation spectra. A stumbling block in understanding
low-temperature relaxational phenomena in glasses is
the difficulty in obtaining a unique [1-4] continuum
relaxation spectrum (relaxation strength-relaxation
time plot) to fit the broad peaks observed. Relax-
ation strengths should be unambiguously assignable
to the high-temperature peaks and prospects for
theoretical interpretation of the observations ought to
be enhanced, correspondingly.

2. Experimental procedure

The specimen holder for the high-temperature measure-
ments is illustrated in Fig. 1. This holder was designed
to aid the production of exponentially decaying echoes,
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by means of a device which allowed the contact press-
ure on the crystal-bond—specimen combination to be
varied. This pressure, which was always slight to
prevent transducer breakage, was applied by means of
a spring which, via a ball and socket joint, engaged a
contact button resting on the transducer. It could be
finely controlled by means of a continuously adjust-
able clamp, consisting of a large nut on the threader
bar which carried the spring and the ball and socket
joint. These springs also cushioned the effect brought
about by differential thermal contraction or expansion
of the sample and the sample holder. All electrically
insulating parts of the sample holder (for example, the
collars for the rods supporting the contact buttons)
were made of asbestos to permit high-temperature
operation.

After obtaining the best exponential echo pattern at
room temperature, the holder was mounted centrally
in a cylindrical furnace of dimensions 17 cm diameter
and 30cm long. A heat-resistant cable (extending
30 cm outside the furnace) connected the transducer to
conventional 50Q cable. The special cable consisted
of an outer conducting rod of german silver (0.1 cm
diameter), separated from an inner copper conductor
(I mm diameter) by means of an alumina tube (see
Fig. 1). (The german silver rod was soldered on to the
end of the brass tube illustrated in Fig. 1, whilst the
inner conductor was soldered directly on to the brass
contact button located concentrically in the brass
tube.) The furnace temperature was controllable
from room temperature to 900K by means of a
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Figure I Specimen holder for ultrasonic wave attenuation and
velocity measurements at high temperatures. The ball and socket
joints allow ready variation of contact pressure to be made, in order
to obtain exponentially decaying echoes.

temperature controller (Transitrol Ether). Tempera-
tures were measured by means of a digital thermometer
(Comark Type 5000) and a chromel-alumel thermo-
couple in contact with the middle of the glass rods.
The thermocouple leads were protected by alumina
sleeves.

Ultrasonic wave transit time and the acoustic loss
were measured at 10 K intervals, increasing from room
temperature to 650 K, with the help of a temperature
controller (measurements could not be performed at
temperatures > 650 K because deterioration of the
bond rendered the measurement accuracy too poor
for present purposes). However, in any event it could
not have been possible to proceed to much higher
temperatures as the glass started to soften rapidly
at ~680K.

A 15MHz quartz X-cut transducer was employed
as a common transmitter/receiver. Pulse-echo equip-
ment, including an automatic attenuation recorder,
was supplied by Matec Inc., and the circuit and
measurement technique was as described previously
[2]. Transit time measurements were made by the
pulse-echo overlap technique [S] employing the use

of a high-resolution frequency source (Matec model
110), decade dividers, dual delay generators (Matec
model 122B), and a high-stability frequency counter
(Racal-Dana 9914) in conjunction with the pulse-echo
equipment just described.

A considerable amount of research was carried out
to find an appropriate coupling fluid to make acoustic
bonds withstand the temperature range 300 to 650 K.
Of several materials tried, best echo patterns were
obtained using 0V-25, a silicon-based grease chemi-
cally described as a gas chromatography stationary
phase, supplied by J.J. Chromatographic Ltd.

The seven glasses selected for the study were the
same as those used in the low-temperature measure-
ment described previously [1, 2].

3. Results and computer fit to twin
single relaxation processes
We shall deal only with the absorption measurements
on the grounds of space. Velocity measurements are to
be dealt with in a separate publication for direct
comparison with low-temperature velocity data.
Typical results showing the temperature depen-
dence of the absorption at ~ 15 to 75MHz are illus-
trated by data points given in Figs 2a to g for all
Co-P-O glasses of different compositions. From
inspection of these figures we observed that for any
glass composition two loss peaks are obtained, which
we shall label R, and R,, for the lower and high peak
temperatures, respectively. As these peaks shifted to
higher temperatures with increasing frequency, it is
natural to attempt an interpretation of these losses in
terms of a relaxation-type process with a loss maxi-
mum occurring at wt = | where @ is the angular
frequency and t is the relaxation time (for example as
in Voigt or standard linear solid type behaviour) and
“thermally activated relaxation time” of the form

i T T T 1 T
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Figure 2 (a) to (g) Temperature dependence of the attenu-
ation of longitudinal acoustic waves in CoO,-P, 0, glasses
in the temperature and frequency ranges 250 to 650 K and
15 to 75 MHz. (0) Experimental data points, (——) theor-
etical fit to a relaxation process of a standard linear form,
with low dispersion, with two discrete Arrhenius relaxation
times and relaxation strengths proportional to reciprocal

{a) TEMPERATURE (K)

" L
300 400 500 800

temperature. (a) 7.6mol % CoO, (b) 20mol % CoO, (c)
35mol % CoO, (d) 42.4mol % Co0, (¢) 47mol % CoO,
() 49.4mol % CoO, (g) 54.3mol % CoO.
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7 = 15", Further, the relatively small change of
velocity with temperature at elevated temperatures (to
be discussed in a separate publication) suggests a loss
of the standard-linear solid type, with low dispersion
(Equation 1 of [2]). This shift in peak temperature for
a given frequency change is large compared with that
associated with the peak occurring at less than 300K
(at about liquid nitrogen temperatures) discussed else-
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where [2]. For example, specimen a, (20.0 mol % CoO)
shows a shift in peak temperature (taking, for example,
the absorption peak R;) from 325K at 15MHz to
460K at 75MHz. The attenuation, especially at the
peak temperature, increases rapidly with the frequency,
and thus limited our measurements to <75 MHz.
Values of attempt frequency (v, = 1/7,) and the
average activation energy V of the process, R, and R,
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were obtained from the intercept and the slope of
the graph log w against 1/7, (Figs 3a to d, respect-
ively). The values of the attempt frequency obtained
(Table T) are of the order of 10" Hz, much lower
than the values found in low-temperature relaxation
processes (~ 10" Hz).

A straight line in Figs 3a to d, i.e. the graph of
log @ against T,', confirms that the strong absorp-
tion peaks R, and R, are indeed consistent with a

standard linear solid with low dispersion. Further,
from inspection of the experimental width of R, and
R, peaks (Figs 2a to g) we note that a single relax-
ation time approximation can be admitted. Assuming
symmetric wells [1] for simplicity,

for R, process
nikT

const
1 20 (kT (1)

-1 —
Q" = kT

Ty, €

2,2
1 + o'tge
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for R, process

Vy1kT
const, wrye”

o' =
- 2V5 kT
kT 1 + wfcd,e™™

where Q' equals internal friction.
So we attempt a theoretical fit to our attenuation
data by computer programming, using the following
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summation of the R, and R, single relaxation pro-
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Figure 3 (O, W, O, ®) The relationship between the temperature of the attenuation peaks shown in Fig. 2 and frequency. (——) Regression
lines obtained from the Arrhenious equation wt, exp (V/kTp) = 1, with the notation as defined in the text. R, and R, denote the lowest
and highest peak temperatures, respectively. a,, 7.6mol % CoO; a,, 20.0mol % CoO; a;, 35.0mol % CoO; a,, 42.0mol % CoO. b,
47.0mol % CoO; b,, 49.4mol % CoO; b,, 54.3mol % CoO. For the R, peaks in samples b, and b, the peak temperatures are theoretical
values obtained from the computer fit, the peaks lying outside the range of experimental data.

Now to obtain the values of C,, C,, 1y, 70, V; and
I, which give the best fit of 0~ to our data over all
the temperature range, we first calculate the values of
C, and C, by substituting as “‘starting values” the
quantities ¥, ¥, 1, and 7y, obtained from the slope
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and the intercept of the graph log w against 1/T,,
respectively (see Figs 3a to d), into the following equa-
tions at 45 MHz. Then we used a computer program
to solve the following simuitancous equations for C,
and C,



¥ kT
0y o wtge T
Pl 2V, kT
kTPl 1+ wzfgle 1/kTpy
Vo (kT
4 C, w1y e 2 @
kTP] 1 + 602‘5(2) e2l’z/kTp1
1
Vi JkTy
B C 0T 1/kTp2
Om A

kTy, 1 + (1)21,'%26

V3 kTpy
C, WTye

+
kTp, 1 + COZT%ZC

2V, [kTpy (5)

where Q' and Qp, are the experimental internal
frictions at the peak temperatures Tp, and Ty, , respect-
ively. Then, substituting the values of C,, C, obtained,
and the “starting values” V,, V,, 7o and 7 into
Equation 3 at different temperature values in 10K
intervals, we found that these values did not give a
good fit, i.e. the trough between maxima was usually
absent, and the Q™' value regenerated from these
values decreased very rapidly at high temperature. So
to reproduce the trough between maxima, the value of
7o, Was increased from the starting value (7o, ¥} and
V, are fixed at their starting values). Then the value of
14, was decreased from the starting value (the new
value of 7, and the starting values of V| and V,
remaining fixed) to reproduce the experimental value
of 07! at high temperatures (i.e. higher than the
position of the second peak). However, these adjust-
ments caused slight shifts in the peak temperatures T,
and Ty, towards the low temperature (the peak heights
remained relatively unaffected). So by increasing the
values of V; and V, from the starting values (7, and 1y,
remaining fixed at their new values) the computer-
reproduced peak temperatures Ty, and Ty, were thus
brought into agreement with their experimental values.
The final set of V], V,, 14 and 1y,, in addition to the
obtained values of C, and C, at about 45MHz for
each glass give a close fit (solid lines) to the experi-
mental absorption data (full circles) at all other
frequencies (see Figs 2 to §).

4. Compositional dependence of the
high-temperature acoustic loss of
Co-0-P glasses

Fig. 4 shows that the average activation energy

(obtained from the peak shift, Figs 9 to 12) decreased

with cobalt oxide content, and ranges from 0.08 to

0.18 eV for the relaxation process R, and from 0.24 to

0.27¢V for the relaxation process R,. These energy

values are much higher than found in low-temperature

relaxation processes (see Table I).

As mentioned before in Section 3, to obtain a good
fit to our data (using computer programming) the
starting ¥ and 1, values are changed. These values of
V and 7, used in the computer fit are given in Table I,
together with the starting V and ¢, values. In the case
of the R, process, the variations of the activation
energy, used in computer programming, and the start-
ing values of V' with composition take the same form
(see Figs 4b and 5b). However, in the case of the R,
process it will be observed that there is a quite close
agreement between the two values of V in the range
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Figure 4 Composition dependence of the activation energies derived
by applying the Arrhenius equation wr, exp (V/kTp) = 1, to the
loss peaks (b) R, and (a) R,. (See Fig. 3.)

0 to 42mol %; but moving towards 60mol % CoO,
the experimental V values continuously decreased,
while the other (i.e. the value of V' used in computer
programming) shows an increase (see Figs 4a and 5a).

Figs 6, 7 and 8 show that the peak loss, peak tem-
perature and the relaxation strength are quite sensitive
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Figure 5 Composition dependence of the activation energies used in
the theoretical fit of the shapes of the overlapping loss peaks (b) R,
and (a) R, to a relaxation process of a standard linear solid form,
with two discrete Arrhenius relaxation times and relaxation
strengths proportional to reciprocal temperature (solid lines in
Fig. 2).
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Figure 6 Composition dependence of the acoustic attenuation peaks
plotted in Fig. 1. (a) R, (b) R,.

to composition, i.e. exhibit the same “discontinuity”
at ~42mol % CoO that we have found in the com-
position gradients of other physical properties of these
glasses [6, 7]. In contrast, the attempt frequency, v,,
is a monotonically decreasing function of the CoO
mol %, displaying no evidence of discontinuities
(see Fig. 9).

5. Physical interpretation

We have shown that there are two thermally activated
relaxation processes of activation energies ~0.1 to
0.3 eV governing the acoustic loss in Co—P—O glasses
in the temperature range from 300 to 650 K. Thus we
suggest that the loss originates from particles in two-
well systems, like the low-temperature loss. However,
the barrier heights are substantially higher and the
attempt frequencies much lower than those obtaining
in the low-temperature case. The magnitude of the
attempt frequencies is particularly illuminating for it
suggests particle motions in wells substantially greater
than the average interatomic spacing and/or particle
masses substantially larger than those responsible for
the low-temperature behaviour. To quantify these
suggestions, let us consider the simplest model of a
particle in a flat-bottomed vertical sided, double-well
potential, the width of either well being L. If we
interpret the attempt frequency v, as the classical
vibrational frequency of the particle, and assume that
the particle is in the ground state, we have

hv, = H/8mlL? 6)
446
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Figure 7 Composition dependence of loss peak temperatures. (a)
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where #is Planck’s constant and m is the particle mass.
(In the detailed theory in the Appendix to [2], v, is
twice the classical vibration frequency of the particle
in either well, increasing all values of L predicted in
this paper by a factor 212)
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Figure 8§ Composition dependence of the relaxation strengths used
in the computer fit described in the text and in the captions to
Figs 2 and 5. (2) R,, (b) R,.
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Figure 9 Composition dependence of the attempt frequencies 7, '
obtained from the regression lines to wt, exp (V/kTp) = I, plotted
in Fig. 3.

Thus taking for m the mass of the oxygen atom we
find that L lies between the limits (Fig. 10) 0.4 and
3.2nm. Let us suppose that a substantial segment of
network, for example a whole structural unit (i.e. the
mass of a glass formula unit) vibrates in a two-well
potential. (In fact we had in mind the vibration of
whole atomic rings, but it is difficult to ascribe a
precise mass to an atomic ring throughout our entire
glass range; it is, however, of the same order as the
glass-formula-unit mass.) We then find that L lies
between the limits 0.161 and 1.2nm, i.e. it is still, in
most cases, several interatomic spacings (Fig. 10).

These large values of L draw attention to the
existence of two possible interpretations for the
high-temperature loss mechanism.

(i) Diffusion of single atoms from ring to ring
caused by “holes”, i.e. atomic vacancies in the network
(see Paths 1, 2 and 3 in Fig. 11). This model works
satisfactorily for glasses for CoO content < 20mol %
for which L =~ a ring diameter. However, for glasses
of higher CoO content, one has to assume the atom to
jump across several interatomic rings (Path 4), if single
atoms were assumed to be the two-well particle. How-
ever, because the experimental activation energies are
low compared with Co—O and P-O bond strengths,
the implication is that atoms which are almost ionized
initially (highly distorted bonds) are involved in this
diffusion process.

WIDTH OF POTENTIAL WELL (nm)

1 ] 1 ! ] ]
10 30 50

(mol %)

CoO +00203

Figure 10 Composition dependence of the width of potential wells,
L, arising from the assumption that the attempt frequencies, 7, ',
calculated from the acoustic attenuation data, derive from ground
state vibrations of particles in flat-bottomed wells. (@) Calculated
values of L assuming that the mass of the relaxing particle is equal
to the mass of an oxygen atom. (x) Values of L obtained if the
relaxing particle has the mass of one structural unit of the glasses.

(it) Diffusion of a structural unit (or some similarly
large mass, like one or several atomic rings or ring
segments), over a distance which varies from the
interatomic distance at low CoO oxide contents to
approximately twice the ring diameter distance at high
CoO content (see Table I).

In our opinion, however, the observed relaxation
processes R, and R, are not associated with viscous
flow, which is characterized by a reiatively high
activation energy (2-3eV) and associated with per-
manent (i.e. irreversible) structural change. The
same conclusion could be reached on other grounds
when we consider that all the loss processes observed
took place below the softening temperature of the
glasses.

6. Computation of the number of loss
centres

We can estimate the number of loss centres as follows.

From previous arguments let us assume [8] that the

deformation potential D governing the interaction of

R

Figure 11 Interpretation of the high-temperature acoustic loss
mechanism, showing the diffusion of single atoms from ring to ring
(Paths 1, 2, 3) or the hopping across several interatomic rings in a
single step (Path 4).
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of the number of oxygen atoms per unit volume in CoO;—P,0; glasses. (1) R, relaxation process, (2) R, relaxation process.

compressional waves with a two-well system takes the
form

D ~ 13V'Bey )
For the R, and R, processes we have
”1D2/4Q‘7i = C, ”2D2/4QC%_ = G (8)

where g is the gloss density and ¢ is the compressional
wave velocity. Substitute D from Equation 7 into
Equation 8 and we find

2.37 0t (C\/VPP) ©)
2.370ci (G,/V7") (10)

The number of loss centres #, and », expressed
as a fraction of the number of O atoms are given in
Table I. Figs 12a and b show the compositional depen-
dence of n, and #n, calculated from Equations 9 and
10. These figures show that these quantities 7, and n,
are quite sensitive to composition, i.e. exhibit the same
discontinuity at ~43 mol % CoO that we have found
in other physical properties of the same glasses.

n

nz =

7. Correlation between the acoustic
relaxation loss and elastic properties
By inspection of Figs 6, 8, 12a and 12b we note that
the height of the loss peaks are fairly accurately
proportional to the relaxation strength, C, and the
number of loss centres, n. All these quantities vary in
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(c) 47mol % Co0, (d) 54.3mol % CoO.

a similar manner with CoO mol % and display the
same discontinuity at ~42mol % that we have found
in the other physical properties of these glasses. In
contrast, the activation energy (starting value) is a
monotonically decreasing function of the CoO mol %
(see Fig. 13).

For the low-temperature multi-relaxational process
attributed to an ensemble of two-well systems having
a range of barrier heights and perhaps asymmetries,
Bridge and Patel 2, 9] proposed a number of simple
relationships between the well parameters, the oxygen
density, [Ng] (reciprocal of the glass volume per gram
oxygen atom), the bulk modulus, K, and mean stretch-
ing force constants, F. There is no reason why this
model should not be applicable to single relaxation
processes of the same form, in which case n,, #,, C,

and C, should be proportional to Ny (F/K), whilst C,
and C, should be proportional to (F/K). Indeed,
Fig. 13 shows that

Vi & const(F/K), correlation coefficient 98%

an
correlation coefficient 94%

(12)
but correlation coefficients for the other relationships
are poor and are not drawn, the best result being 59%
for the n, against [N;](F/K) relation.

V, & const,(F/K),

8. Frequency dependence of

attenuation at constant temperature
By inspection of Figs 14a to d we note that at the peak
temperature (~ 400K for the R, process and ~ 600 K
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for the R, process), the value of x in the equation
a = pv* (13)

is about 1.0 in our Co-P-0O glasses, consistent with
a single relaxation process. On the high-temperature
side of each peak, the value of x in Equation 13
decreases gradually from 1.0 to 0.8. However, for
a truly single relaxation process, under such con-
ditions, i.e. wr < 1, x should approach 2. On the
low-temperature side of the peaks we find that the
frequency dependence of the loss is similar to what
happens on the high-temperature side. But for a single
relaxation process, x should decrease much more
rapidly, approaching 0 for wt » 1. The above dis-
crepancies are presumably explicable in terms of (i) the
overlap of the R, and R, single relaxation processes,
(ii) for T sufficiently less than T, the low-temperature
multiple relaxation process [1] eventually takes over
tending to make x ~ 1 for constant 7, (iii) for T
sufficiently greater than T;, departure from single
relaxation behaviour is probably due to the fact that
there exists a third loss peak (relating to viscous flow
processes) in our glasses at temperatures higher than
our measurement range.

9. Conclusion

The most interesting feature of high-temperature
acoustic relaxation in CoO;—P,0; glasses is that the
shape of the loss peaks can be explained in terms of
discrete relaxation times, rather than by a distribution
of times as required for the low-temperature loss. The
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observed activation energies are too low for the
phenomenon to be explicable in terms of ionic dif-
fusion, i.e. irreversible motion of individual atoms or
groups of atoms through the network stemming from
broken bonds. Equally, on the two-well model, the
observed activation energies and attempt frequencies
are generally too large and too small, respectively, for
the relaxing particles to be single oxygen atoms moving
in wells of dimensions of the order of an atomic spacing.
The two well systems involved are thus different from
those governing the low-temperature loss. However,
the former and the latter do occur in approximately
the same numbers and enjoy the same kind of corre-
lation with the product of mean stretching force
constant and compressibility.
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