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Resonance ultrasound attenuation in the doped CeF3 superionic crystal
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Acousto-optical studies of temperature and frequency dependences of ultrasound attenuation in the doped
CeF3 crystal with high fluorine conductivity revealed resonance peaks that shifted to high temperature with
increasing ultrasound frequency above room temperature. The temperatures of the attenuation maximums were
found to depend linearly on the squared frequency of the ultrasonic waves. The resonance phenomena observed
were treated within the framework of the Landau phenomenological theory under the assumption that a
superionic phase transition occurs at about 325 K. The studies of electrical conductance and19F nuclear
magnetic resonance were carried out to confirm such assumption.
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I. INTRODUCTION

Crystals and glasses with high ionic mobility show pr
nounced changes in temperature dependences of their a
tic properties due to the acoustoionic interaction~see Refs.
1–4, and references therein!. For piezoelectric crystals an
piezoelectrically active ultrasonic waves, the acoustoionic
teraction is described by a modified Hutson-White the
~see Refs. 5 and 6, and references therein!. For glasses, non
piezoelectric crystals and nonpiezoelectrically active wa
in piezoelectric crystals, the acoustoionic interaction is
scribed within a theory of the deformation potential.1,7 In this
particular case, strong ultrasound attenuation is obse
within temperature ranges where frequencies of ionic jum
are comparable with those of ultrasonic waves~see, for ex-
ample, Refs. 1–3, 8–10!. The theory of the deformation po
tential as well as the modified Hutson-White theory predi
the relaxation behavior of ultrasound attenuation and ve
ity. This provides a powerful probe of superionic conducto
Some studies were also devoted to acoustic properties in
vicinity of the superionic phase transition. Noticeab
anomalies of elastic constants were observed near the s
rionic phase transitions for crystals in which the high ion
conductivity occurs following changes in the lattic
symmetry.12–15The softening of thec44 modulus in RbAg4I5
provides an example of such kind of anomalies.16 The char-
acter of alterations in elastic moduli in this case depends
coupling between acoustic modes and the order param
Temperature and frequency dependences of ultrasound
tenuation through structural phase transitions to the sup
onic state can be described generally within the framew
of relaxation dynamics similar to the sound wave relaxat
near the ferroelectric phase transitions.12 However, some-
times the attenuation peaks were observed above the tr
tion temperatures,17 the nature of those peaks was not cle
For diffuse superionic phase transitions, gradual change
temperature dependences of elastic moduli were found in
vicinity of the transitions ~see Ref. 18 and reference
therein!.

Until now it was commonly accepted that such alteratio
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as were discussed in Refs. 1–18 are the only effect of io
mobility on acoustic properties. However, it will be show
below that one can also observe, in solids with high io
mobility, some special resonance sound attenuation, peak
attenuation shifting to higher temperature with increas
sound frequency. To show this, an acousto-optical techni
was employed, which generally allows studying acous
properties of transparent solids in a very wide frequen
range from about 30 MHz to at least 1.5 GHz.19–21The most
conventional acousto-optical method is based on Bragg
fraction of laser beam by ultrasonic wave.20 This method is
especially suitable to measure the frequency and tempera
dependences of ultrasound attenuation in superionic crys
and glasses.4,6,8,22 The measurements in the present pa
were carried out for the superionic crystal Ce0.95Al0.05F3 with
fluorine conductivity. An assumption was made that the re
nance sound attenuation occurs in the vicinity of a superio
phase transition and can be treated within the framework
the phenomenological Landau theory.

II. EXPERIMENT

The Ce0.95Al0.05F3 single crystal was grown by the
Bridgman-Stockbarger method. According to x-ray powd
diffraction, the crystal structure is tysonitelike. The latti
parameters area57.177 Å andc57.277 Å. The sample un
der study had a form of a parallelepiped with sizes of
31036 mm3 cut along the crystallographic axes. Measu
ments of absolute values of sound attenuation for longitu
nal waves were performed using Bragg diffraction of t
Helium-Neon laser beam by ultrasound within the tempe
ture range 290–625 K for ultrasound frequenciesf from 128
to 932 MHz. Ultrasonic waves were generated along thx
axis by means of LiNbO3 plate transducers at odd harmo
ics. TheY136° cut plates were used with thickness of 2
mm and fundamental frequency of about 18.3 MHz. Tra
ducers of such cut are known to generate mainly longitud
ultrasonic waves. While slight admixture of transverse wa
might be seen at some frequencies, the diffraction by lon
tudinal and transverse waves can be easily distinguished
to great difference in the Bragg angle. Measurements w
performed upon slow warming from room temperature. T
©2002 The American Physical Society06-1
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rate of change of temperature was no more than 1 deg/
Prior to each measurement the sample was kept at a fi
temperature for about 10 min. The accuracy of tempera
control was better than 1.5 K. Normally, to evaluate the
trasound attenuation coefficient the intensity of the diffrac
light beam was measured at 10 equidistant points along
direction of the ultrasound wave travelling. Thus, any m
surement of attenuation at some particular temperature
frequency took about 30 min. Experimental accuracy of
attenuation coefficient measurements was about 10%. H
ever, for attenuation less than 2.5 dB/cm, the results w
influenced by some background attenuation discussed in
20.

The temperature dependences of the ultrasound atte
tion coefficient for five different frequencies in the ran
from 275 to 750 MHz for the sample under study are sho
in Fig. 1. One can see noticeable narrow peaks, which s
to higher temperature with increasing frequency. The int
sity of the peaks in Fig. 1 decreases with increasing
quency; no distinct peaks could be distinguished for frequ
cies higher than 800 MHz. No visible anomalies
attenuation were observed above 400 K as can be seen
an example in the inset in Fig. 1. The shape of the peak
Fig. 1 evidences clearly that their nature differs from rela
ation ultrasonic attenuation that can be usually observe
the superionic phase since relaxation peaks for higher
quencies embrace generally those for lower frequencies
confirm the resonance character of the peaks in Fig. 1,
performed measurements of frequency dependences o
attenuation coefficient at various temperatures. Some re
are shown in Fig. 2. Distinct peaks of ultrasound attenua
can be seen at 339, 353, and 373 K; these peaks displa
higher frequencies with increasing temperature. Note
due to discrete resonance frequencies of the LiNbO3 trans-

FIG. 1. Ultrasound attenuation coefficienta versus temperature
for different frequencies: 275~diamonds!, 385 ~closed circles!, 490
~closed triangles!, 641 ~open circles!, and 750 MHz ~open tri-
angles!. The inset shows thea versus temperature dependence
490 MHz. Solid lines are guides for the eye.
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ducers, the measurements of frequency dependences
rather rough compared to those of the temperature de
dences. Thus, frequencies corresponding to the attenua
maximums at 353 and 373 K can be only estimated acco
ing to expectations for the peak shape. The relevant posit
of attenuation maximums in Fig. 2 are marked with cross
For 290 and 312 K, the frequency dependences in Fig. 2
not show any significant attenuation peaks that displace w
the changing temperature. However, a weak but unamb
ous peak is seen in Fig. 2 at 275 MHz for all temperatu
used in the present study. The nature of this peak is not c
Nevertheless, this peak being independent of tempera
one can speculate that it arises due to acoustic losses in
ultrasound section.

III. DISCUSSION

The temperature and frequency dependences show
Figs. 1 and 2 reveal the resonance nature of the attenua
peaks observed. Until now, such resonance sound attenu
in superionic crystals was not observed. However, it
known that resonance phenomena at high frequencies
arise near phase transitions with oscillatory dynamics of
order parameter.23 Thus, resonance phenomena observed
the crystal under study can be treated if one assumes th
phase transition, which is described by the phenomenol
cal order parameterh, occurs at some temperatureTc . The
order parameter should be equal to zero belowTc and should
appear aboveTc to explain acoustic anomalies at higher tem
peratures. Such a suggestion is normal for the superio
phase transitions.1,12 The order parameter is coupled nonli
early with the strain in the acoustic wave« if the phase
transition is implied not to be a proper or pseudoproper f
roelastic one.24 When assuming a particular form of this co

r

FIG. 2. Ultrasound attenuation coefficienta versus frequency
for different temperatures: 290~open circles!, 312 ~closed circles!,
339 ~open diamonds!, 353 ~triangles!, and 373 K ~closed dia-
monds!. Dashed lines are guides for the eye. Crosses mark posit
expected of attenuation peaks.
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pling, the Landau expansion can be written as

F5F01 1
2 ah21 1

4 bh41 1
2 c«21 1

2 rh2«, ~1!

wherea5a0(Tc-T); a0 , b, andr are phenomenological co
efficients; c is the elastic modulus belowTc . Due to the
coupling between the strain« and the order parameterh, the
latter can be written ash5h01h1 , whereh0 is the equilib-
rium order parameter in the absence of acoustic wave anh1
depends on time and position. Combining the relationship~1!
with the equation for the order parameter

mḧ1Gḣ52]F/]h, ~2!

wherem andG are the effective mass and damping, one c
obtain in linear approximation the following relation b
tweenh1 and«:

h15
rh0

mv22 ivG2a23bh0
2 «, ~3!

wherev52p f . Substituting Eq.~3! into the equation for the
elastic stress

s5 c̃«5]F/]«, ~4!

retaining in Eq.~4! only terms associated with the acous
strain, and using the relationshiph0

252a/b aboveTc , one
can obtain the following expression for the complex dynam
elastic modulusc̃:

c̃5c2
ar2

b

1

m~v22v0
2!2 ivG

~5!

for T.Tc and c̃5c below the phase transition temperatu
Here

v0
2[22a/m. ~6!

From Eq. ~5! on can deduce a relationship for the sou
attenuation above the phase transition using the gen
equation a5(v/2vc)Im c̃, which is valid for weak
attenuation,20

a5
a0r 2~T2Tc!

2bv3r

v2G

m2~v22v0
2!21v2G2 , ~7!

wherev is the ultrasound velocity andr is the crystal den-
sity. As expected, the relationship~7! describes the resonanc
ultrasound attenuation aboveTc with maximums at frequen
cies v5v0 . Sincev0

2 depends linearly on temperature a
cording to Eq.~6!, the resonance maximums should shift
high temperatures with increasing frequency of ultraso
waves, in agreement with Figs. 1 and 2. The expressions~6!
and ~7! yield the following relation between the ultrasoun
frequencyf and temperatureTm of the attenuation peak a
this frequency:

f 25a0~Tm2Tc!/~2p2m!. ~8!

The satisfaction of the relationship~8! can serve as a crite
rion for the validity of the above theoretical model. The e
perimental dependence off 2 on Tm obtained from Figs. 1
13430
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and 2 is shown in Fig. 3. The points corresponding to cros
in Fig. 2 are also marked by crosses. Thef 2 versusTm de-
pendence can be approximated by a straight line, wh
crosses the abscissa axis atTc according to Eq.~8!. It follows
from Fig. 3 thatTc>325 K. The estimate obtained forTc
agrees with the fact that no relevant attenuation maximu
were observed for temperatures 290 and 312 K~see Fig. 2!,
which are below the phase transition assumed. Note tha
increase in attenuation at high frequencies near room t
perature is most probably due to ordinary relaxation abso
tion induced by the acoustoionic interaction with maximu
at lower temperatures. It should be also noted that the red
tion in the peak intensity for high ultrasound frequencie
which is not predicted by the relationship~7!, can be ex-
plained by the influence of omitted higher-order terms in
Landau power series expansion.

The above model implies the existence of a phase tra
tion at temperature near 325 K. It is well known that the
are no structural phase transitions near such temperatu
the mixed crystals on the base of CeF3 ~see Ref. 25, and
references therein!. Our x-ray powder diffraction measure
ments confirm this. However, one can suggest that a sup
onic phase transition occurs at this temperature accompa
by changes in the character of ionic fluorine mobility.1 In the
pure CeF3 crystal some changes in the character of the fl
rine mobility were detected near 290 K in Ref. 25. To ver
such suggestion we performed measurements of temper
dependences of electric conductance and nuclear mag
resonance~NMR! in the sample under study. The ac condu
tance measurements were carried out using the four-p
method within a temperature range of 180–510 K. The19F
NMR line shape measurements were made on a Bru
Avance400 NMR pulse spectrometer within a temperat
range of 296–400 K. The results of the electric measu

FIG. 3. Squared ultrasound frequency versus temperature o
tenuation maximum obtained from temperature~open circles! and
frequency~closed circle and crosses! dependences of ultrasoun
attenuation. Crosses correspond to crosses in Fig. 2. Straight li
a result of least-square fitting.
6-3
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ments at four different frequencies of 0.1, 1, and 10 kHz, a
1 MHz are shown in Fig. 4. Above 230 K the sample d
plays high ionic conductivity that does not depend on f
quency at higher temperatures in agreement with the delo
ized nature of fluorine mobility. The logarithmic curves a
straight lines for low frequencies between about 230 and
K; the enthalpy of activation calculated from these curves
equal to 0.54 eV. Note, that this enthalpy is somewhat hig
than that for the corresponding temperature range in the
CeF3 single crystal~0.45 eV!.25 Above about 325 K the
curves start deviating from the straight line revealing noti
able changes in the activation enthalpy. Drastic alteration
fluorine mobility can be also seen from the temperature
pendence of NMR line shown in Fig. 5. While no remarkab
changes in the NMR line shape occur between 296 and
K, NMR line transforms fast above 330 K manifesting alte
ations in the character of fluorine mobility. Thus, followin
other studies of trifluorides26–28 one can assume that som
change in the character of ionic mobility occurs near 330
Hence, the conductance measurements as well as the N
confirm the suggestion that some superionic phase trans
exists slightly above room temperature.

The frequencyv0 defined by the relationship~6! can be
treated as an analog of the soft mode for the displacive st
tural phase transitions.23 However, for the structural phas
transitions, the soft mode is a phonon mode with mu
higher frequency than compared to resonance frequen
observed here. Thus, we can speculate that lowv0 is the
attribute of superionic solids and might arise due to so
collective ionic movement. It should be noted that the crys
used for the present study seems to be very suitable for
serving the resonance acoustic phenomena since the b

FIG. 4. Logarithm of electric conductance measured at 100
~1!, 1 kHz ~2!, 10 kHz ~3!, and 1 MHz~4! multiplied by tempera-
ture versus inverse temperature. Straight line shows a linear de
dence. The arrow marks a temperature of the onset of curve d
tion from the linear dependence.
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ground attenuation is rather weak compared to other sup
onic fluoride crystals ~see, for instance, Ref. 18 an
references therein!.

In conclusion, the resonance peaks of ultrasound atten
tion, which moved to higher temperatures upon increas
the sound frequency, were observed in the doped CeF3 supe-
rionic crystal. The squared frequency versus temperatur
the attenuation maximum dependence was found to be lin
The resonance ultrasound attenuation and the shift of att
ation peaks were treated within the framework of the Land
theory assuming oscillatory dynamics of the order param
near a superionic phase transition. From the intersection
the straight line that fitted thef 2(Tm) dependence with the
abscissa axis, the temperature of the superionic phase tr
tion was found to be equal to about 325 K. This agreed w
the fact that no temperature driven peaks were observed
the frequency dependence of attenuation at 290 and 31
The saturation of the ionic conductivity, which started ne
325 K, and the changes in19F NMR spectra above 330 K
confirm the suggestion about a superionic phase transit
The unusually slow critical dynamics of the order parame
that gives rise to resonance ultrasound attenuation nea
phase transition might be a specific feature of superio
conductors.
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