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The attenuation of transverse ultrasonic waves propagating approximately in the [111] direction
in CdF, has been studied as a function of temperature from 300 to 1060 K and frequency from 8 to
19 MHz. The ultrasonic attenuation peaks observed have been used to define a diffuse transition
temperature in CdF, of 981 K, which is well below the melting temperature of 1373 K. The ul-
trasonic attenuation coefficient was determined to be proportional to the square of frequency over
the entire range of temperature. The Arrhenius energy of anion motion above 981 K was obtained
from the temperature dependence of the attenuation and the theory of local site fluctuations.

INTRODUCTION

Divalent-metal halides of the fluorite structure
comprise one class of materials variously known as solid
electrolytes, fast-ion conductors, or superionic conductors.
The conductivity in these materials which is a result of
halide motion is characterized by Arrhenius behavior up
to a diffuse transition with negative deviations from Ar-
rhenius behavior or conductivity saturation above the
transition. Anionic conductivities as high as 4 (Qcm)™!
in PbF, are typical of the high-temperature conductivity
in these materials."?> The diffuse transition is character-
ized by a broad heat-capacity peak®~> over a range of
temperatures around 7, accompanied by a lattice soften-
ing,%~8 both of which are indicative of the development of
relatively high disorder in the anion sublattice.’” The
anion disorder well below 7T, is associated principally
with the thermally-induced defect identified as an anion
Frenkel pair consisting of an interstitial anion close to the
center of one of the empty cubes in the fluorite structure
and an associate anion vacancy.! There is considerable
evidence now that the defects, particularly near and above
T,, are more complicated than an isolated anion Frenkel
pair.11 Nevertheless, the fluorite materials are structurally
simpler than other classes of solid electrolytes and there-
fore are more amenable to understanding high ionic con-
ductivity in solids. The present work on CdF, reports on
the frequency and temperature dependence of transverse
ultrasonic attenuation. Previous longitudinal ultrasonic
measurements'? in CdF, have demonstrated that CdF, is
similar to other fluorites with 7, =983 K.

THEORY

The phenomenon of interest in the present work is the
interaction of long-wavelength phonons with the mobile
anions in the fluorite lattice. Huberman and Martin'?
have given a theory of the dynamics of the coupled
crystalline-cage charged-liquid fluctuations in superionic
conductors which takes into account both local and nonlo-
cal excitations of the system. Such a coupling can be
visualized as an effective-frequency and wave-vector-
dependent modulation of the chemical potential felt by
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the mobile ions. This theory predicts that fluctuations in
local-site populations dominate the charged-density fluc-
tuations. The local-site fluctuations couple to pure
volume strains or pure shear strains where ions are redis-
tributed among energetically inequivalent or equivalent
sites, respectively. For the weak coupling and low-
frequency limit, Huberman and Martin’s result for ul-
trasonic attenuation can be written as

a=wiT,[(p/C)'?*/R(TT], (1

where p is the material’s mass density, C is the elastic
constant, wy is the angular frequency of the propagating
acoustic wave, T, is the diffuse transition temperature,
and T is the temperature. The relaxation rate or frequen-
cy R(T) reflects the coupling of the pseudospin, which
describes the local degrees of freedom of site occupation -
to the thermal reservoir provided by the crystalline cage,
and in general has an Arrhenius behavior,

R(T)=1/r=Ro(T)exp(—E /kT), - 2)

where 7 is the relaxation time, Ry(7) is the relaxation-
attempt rate or frequency, expected to be of the order of
an optical-phonon frequency (10'? to 103 Hz), and E is
the activation energy for the hopping of mobile ions be-
tween available sites.

EXPERIMENT

Three 0.62-cm-long crystals were cut from a 4-cm-long
and l-cm-diam crystal of CdF, obtained from Optovac,
Inc.'* The crystal axis was determined by back-reflection
Laue photography to be oriented 11° from the [111] direc-
tion. The end faces of each sample were polished parallel
to within four parts in 10*,

The electronic equipment generally has been described
elsewhere!” with the attenuation measured by a switchable
attenuator inserted in the rf-signal line to the oscilloscope.
The du Pont 9770 platinum- and silver-conductor compo-
sition has been previously used as an effective acoustic
bond at high temperature in divalent metal fluorides for
compressional'® and shear!” acoustic waves. The trans-
ducers used for these transverse ultrasonic attenuation
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measurements were nominally 2.5, 10, and 15 MHz, 41°
x-cut lithium niobate transducers. The 10- and 15-MHz
transducers were operated at their loaded fundamental
resonant frequencies while the 2.5-MHz transducer was
operated at its loaded ninth overtone resonant frequency.
The frequency range was limited by the bandwidth of the
electronic equipment available. The temperature was
measured using a type-K chromel-alumel thermocouple
with an Omega-CJ (cold-junction) compensator and
Keithley 171 digital multimeter. A Lindberg Hevi-duty
furnace was used in this work. The measurements were
performed in a vacuum of approximately 4X10~3 Pa
(3% 107 Torr). An accuracy of +0.5 dB in the ultrasonic
attenuation measurement could be achieved. This accura-
cy in the ultrasonic attenuation measurements yields an
estimated error of +0.10 eV in the activation energy mea-
- surements. The precision of the ultrasonic attenuation
coefficient is calculated to be +0.41, 0.22, and 0.21
dB/cm from the standard deviation of the data about
smoothly increasing functions for 8, 13, and 19 MHz,
respectively. The frequency was adjusted slightly during
every run to maintain the same pattern of the echoes on
the oscilloscope. The variations of frequency were +0.3,
+0.6, and 0.9 MHz for 8, 13, and 19 MHz, respectively.

RESULTS

In addition to the ultrasonic attenuation due to the in-
teraction of phonons with the mobile ions, the measured
attenuation includes crystal nonparallelism, bond and dif-
fraction losses, as well as attenuation due to the interac-
tion of the ultrasonic wave with the thermal phonons.
The apparent attenuation due to the nonparallelism of the
two ends of the crystal was estimated both by measuring
the nonparallelism directly and by measuring the ul-
trasonic echo-pattern envelope minima.!®!® Both esti-
mates were in general agreement and the value obtained
from the envelope minima was subtracted from all values

of measured attenuation. Even though the du Pont 9770 °

bonds between the transducer and the sample were gen-
erally thin, these bonds were measured to have a higher
ultrasonic loss than bonds made of Dow resin 276-V9
which would also transmit shear waves. This additional
bond attenuation which must represent a lower bound to
the total bond loss was subtracted from all values of mea-
sured attenuation. Since an acoustic beam spreads out
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FIG. 1. Temperature dependence of the ultrasonic attenua-
tion coefficient a of CdF, measured at 8, 13, and 19 MHz.
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FIG. 2. Frequency dependence of the ultrasonic attenuation
coefficient a at different temperatures for CdF, using the data
of Fig. 1 with the solid lines representing the first-order least-
squares fit of the data. )

from the transducer’s finite size into a diffraction field,
the ultrasonic pulse amplitude is modulated and depends
on the ratio of the transducer radius squared to acoustic
wavelength and on the distance the pulse travels. An ex-
pression for the diffraction correction to longitudinal echo
attenuation measurements is available.?’ In the present
work the diffraction correction for the transverse ul-
trasonic measurements was estimated by utilizing the
longitudinal diffraction correction and was subtracted
from all values of the measured attenuation. The
aforementioned corrections taken together were approxi-
mately 2 to 7 dB/cm depending on frequency and, for the
nonparallelism correction, on temperature. Ultrasonic at-
tenuation due to acoustic-wave interaction with thermal
phonons is independent of temperature’! ~2* at tempera-
tures greater than the Debye temperature which is 332 K
for CdF,.2* This attenuation depends on the frequency
squared as do the present experimental results, but for
CdF, the calculated ultrasonic attenuation for frequencies
less than 20 MHz due to the interaction of the acoustic
wave with thermal phonons is much less than other
corrections or experimental uncertainties. This calculated
attenuation is comparable to that found in alkaline-earth
fluorides which is less than 0.01 dB/cm at 20 MHz? and
is therefore negligible in the present measurements. The
ultrasonic attenuation coefficient a for 8, 13, and 19 MHz
transverse waves, propagating approximately in the [111]
direction in CdF,, is shown in Fig. 1 as a function of tem-
perature. The result in Fig. 1 shows a large peak at 981

TABLE 1. Coefficients of the first-order least-squares fit
Ina=A + Blnv of the ultrasonic attenuation of CdF, at various
temperatures with the standard error of the lines presented in
Fig. 2.

Temperature . Standard
(K) A B error
300 —4.746 2.059 0.018
400 —4.787 2.101 0.040
500 —4.641 2.107 0.022
600 —4.375 2.093 0.012
700 —4.054 2.070 0.004
800 —3.344 1.899 0.339
900 —3.411 2.009 0.001
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FIG. 3. Temperature dependence of a/v? of CdF, using the
data of Fig. 1 with the solid line representing
a/v*=0.316| T, —T | ~>%2.,

K. Variations of the ultrasonic attenuation coefficient at
different temperatures are given in Fig. 2 as a function of
frequency. The ultrasonic attenuation coefficient was de-
rived as a function of frequency from the second-order
least-squares fit of the data of Fig. 1 in the temperature
range of 300—900 K. The solid lines in Fig. 2 represent
the first-order least-squares fit of the data at three dif-
ferent frequencies with the coefficients given in Table I.
It is shown from Fig. 2 and Table I that the ultrasonic at-
tenuation coefficient is approximately proportional to the
square of the frequency. The temperature dependence of
the ultrasonic attenuation coefficient divided by the
square of the frequency (a/+?) is shown in Fig. 3. The
data are in agreement over the entire temperature range of
300—1050 K for the three different frequencies. The
overlapping of the data in Fig. 3 in the vicinity of the
transition temperature agrees with the frequency depen-
dence of Huberman and Martin theory'? [see Eq. (1)] in
that the ultrasonic attenuation coefficient is proportional
to the square of frequency. The solid line in Fig. 3 was
determined by a least-squares fit of the data both above
and below T, in the form a/v*=A4 |T,—T | ~2 by vary-
ing T, over the range 975—987 K. The minimum stan-
dard error was for 981+1 K though the accuracy of the
measured temperature in this range is probably not better
than +10 K. The calculated fit is a/+v?
=0.316/981— T | %3521, The form of the equation is not
meant to imply that there is evidence of a true phase tran-
sition since the precision of this data is insufficient and
only in one run of the three reported here did the signal
actually disappear near T, entirely into the noise.

DISCUSSION

It is clear from Figs. 2 and 3 that there is a temperature
dependence which is not characteristic of the usual
acoustic-wave interaction with thermal phonons. The
transverse ultrasonic attenuation peak centered around
981 K agrees with the longitudinal ultrasonic attenuation
peak at 983 K also observed in CdF,.!? All of these ul-
trasonic attenuation peaks have been observed to occur
simultaneously with anomalous decreases in the associated
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elastic constant. This is evidence that what is being ob-
served is the diffuse transition found in the fluorite solid
electrolytes. The exponent found in the fit to the data
given in Fig. 3 agrees well with a similar exponent found
in CdF, for the longitudinal ultrasonic attenuation peak.'?

The temperature variation of the relaxation rate R (T)
of CdF, was obtained by analyzing the ultrasonic attenua-
tion measurements above 7T,=981 K using Eq. (1). Fig-
ure 4 shows the plot of the natural log of R(T)/Ry(T)
versus 1/kT for the three different frequencies taking
R, (T) to be an optical frequency of 102 Hz. There is evi-
dence in the ionic conductivity data for different Ar-
rhenius activation energies for the hopping of mobile ions
between available sites near and above T,. The highest
Arrhenius activation energy measured for a particular
fluorite has heretofore been below and up to the temper-
ture T, with lower values well above T,.>2%27 There is a
clear change in slope for the 13-MHz data in Fig. 4 at
1033 K which is not observed clearly for the 8-MHz data
or at all for the 19-MHz data, neither of which included
the high temperatures obtained at 13 MHz. The solid line
for temperatures below 1033 K in Fig. 4 is the first-order
least-squares fit of the data for all three frequencies. The
limit of 1033 K is determined by the apparent change in
slope observed for the 13-MHz data. The solid line shown
in Fig. 4 above 1033 K is the first-order least-squares fit
of only the 13-MHz data. Equation (2) predicts that the
slopes of the solid lines in Fig. 4 are the activation ener-
gies for the hopping of mobile ions between available sites.
The activation energy obtained from Fig. 4 using all three
frequencies below 1033 K is 1.86%0.19 eV, in good agree-
ment with the activation energy obtained from the longi-
tudinal acoustic wave.!> Values of the activation energy
that are obtained from transverse and longitudinal acous-
tic waves agree well within the estimated error. The Ar-
rhenius activation energy obtained from Fig. 4 above 1033
K for the 13-MHz data only is 0.21+0.15 eV. There are
no previously measured activation energies above T, for
CdF, available?’ for comparison. It is clear that these ac-
tivation energies do not correspond in any simple way to
the anion Frenkel pair formation energy or the activation
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FIG. 4. Experimentally derived values of R(T)/Ro(T) from
the ultrasonic attenuation data of Fig. 1 above 981 K with the
solid lines representing the first-order least-squares fit of the
data at all three frequencies in the range 981—1033 K and of the
13-MHz data in the range 1033—1060 K whose slopes are the
Arrhenius activation energies of the anion motion.
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energy for vacancy or interstitial motion.? Calculation of
the Arrhenius activation energy associated with the defect
clusters that explain the neutron scattering data'! is
beyond the scope of this present work.

The best previously determined value for the enthalpy
of formation of an anion Frenkel defect in CdF, of
2.1+0.1 eV? is from diffusion experiments since it is like-
ly that conductivity measurements have included an elec-
tronic contribution due to the high reactivity of CdF, at
high temperatures.’”?° The present ultrasonic measure-
ments like the diffusion measurements are affected less by
surface contamination. Although a direct measurement
of the anion Frenkel pair formation energy is not available
from the ultrasonic attenuation measurements, the obser-
vation of T, provides, through the correlation observed
between the temperature T, and the Frenkel energy Ep,
an estimate of the anion Frenkel defect formation ener-
gy.*® Utilizing the expression Ep~20kT,, a Frenkel ener-
gy for CdF, can be estimated to be 1.7 eV. This value
agrees with the value from the diffusion experiment
within estimated error limits of +0.3 eV as determined
from the correlation for other fluorites.

CONCLUSION

The present study has provided the new measurements
of the transverse ultrasonic attenuation in CdF, up to
1060 K. The behavior of the ultrasonic attenuation near
981 K is identical to that observed in the longitudinal ul-
trasonic measurements in approximately [111] CdF, near
the diffuse transition. The transverse ultrasonic attenua-
tion peaks, which are used to define the transition tem-
perature of T,=981 K, are associated only with ion
motion rather than in combination with a crystallographic
phase transition as in RbAg,Is.3! The ultrasonic attenua-
tion is approximately proportional to the square of fre-
quency over the entire range of temperature of 300—1060
K.

The Arrhenius activation energies obtained from the
temperature dependence of the transverse ultrasonic at-
tenuation due to mobile anions are 1.86 eV in the tem-
perature region between T, =981 and 1033 K and 0.21 eV
in the region between 1033 and 1060 K. Additional work
is required to understand the mechanism of anion motion
near and above 7.

*Present address: Department of Electrical Engineering,
University of Arkansas, Fayetteville, AR 72701.
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