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Resonance ultrasound attenuation in the doped Cefsuperionic crystal
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Acousto-optical studies of temperature and frequency dependences of ultrasound attenuation in the doped
CeF; 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 conductant® amatlear
magnetic resonance were carried out to confirm such assumption.
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I. INTRODUCTION as were discussed in Refs. 1-18 are the only effect of ionic
mobility on acoustic properties. However, it will be shown
Crystals and glasses with high ionic mobility show pro-below that one can also observe, in solids with high ionic
nounced changes in temperature dependences of their acot0Pility, some special resonance sound attenuation, peaks of
tic properties due to the acoustoionic interactisee Refs. attenuation shifting to higher temperature with increasing

1-4, and references thergirFor piezoelectric crystals and sound frequency. To show this, an acousto-optical technique

piezoelectrically active ultrasonic waves, the acoustoionic in/3S emp'oyed' which gener_ally_allows stud_ylng acoustic
roperties of transparent solids in a very wide frequency

teraction is described by a modified Hutson-White theory?ange from about 30 MHz to at least 1.5 GH72 The most
(see Refs. 5 and 6, and references theréior glasses, non-

; . ) . . conventional acousto-optical method is based on Bragg dif-
piezoelectric crystals and nonpiezoelectrically active Waves,ction of laser beam by ultrasonic waifeThis method is

in piezoelectric crystals, the acoustoionic interaction is deggpecially suitable to measure the frequency and temperature
scribed within a theory of the deformation pot_enfré_ll.n this  gependences of ultrasound attenuation in superionic crystals
particular case, strong ultrasound attenuation is observeghq glasse$®822 The measurements in the present paper
within temperature ranges where frequencies of ionic jumpgyere carried out for the superionic crystalgGeAl o o3 With

are comparable with those of ultrasonic wavsse, for ex-  fluorine conductivity. An assumption was made that the reso-
ample, Refs. 1-3, 8-10The theory of the deformation po- nance sound attenuation occurs in the vicinity of a superionic
tential as well as the modified Hutson-White theory predictsphase transition and can be treated within the framework of
the relaxation behavior of ultrasound attenuation and velocthe phenomenological Landau theory.

ity. This provides a powerful probe of superionic conductors.

Some studies were also devoted to acoustic properties in the Il EXPERIMENT

vicinity ' of the syperionic phase transition. Noticeable The CeosAloods Single crystal was grown by the
6!”0_'“6‘“95 of E|a5t.'(.: constants Were_obse_rved near th? Sl_Jp§fidgman-Stockbarger method. According to x-ray powder
rionic phase transitions for crystals in which the high ionic gittraction, the crystal structure is tysonitelike. The lattice
conductivity occurs following changes in the lattice harameters ara=7.177 A andc=7.277 A. The sample un-
symmetry!*~**The softening of th€,, modulus in RbAgls  der study had a form of a parallelepiped with sizes of 14
provides an example of such kind of anomafitghe char-  x 10x6 mn? cut along the crystallographic axes. Measure-
acter of alterations in elastic moduli in this case depends ofents of absolute values of sound attenuation for longitudi-
coupling between acoustic modes and the order parametgfal waves were performed using Bragg diffraction of the
Temperature and frequency dependences of ultrasound af#elium-Neon laser beam by ultrasound within the tempera-
tenuation through structural phase transitions to the superture range 290—625 K for ultrasound frequendié®m 128
onic state can be described generally within the frameworko 932 MHz. Ultrasonic waves were generated alongxhe
of relaxation dynamics similar to the sound wave relaxatioraxis by means of LiNb@ plate transducers at odd harmon-
near the ferroelectric phase transitidisdowever, some- ics. TheY+36° cut plates were used with thickness of 200
times the attenuation peaks were observed above the trangim and fundamental frequency of about 18.3 MHz. Trans-
tion temperature$’ the nature of those peaks was not clear.ducers of such cut are known to generate mainly longitudinal
For diffuse superionic phase transitions, gradual changes inltrasonic waves. While slight admixture of transverse waves
temperature dependences of elastic moduli were found in thenight be seen at some frequencies, the diffraction by longi-
vicinity of the transitions(see Ref. 18 and references tudinal and transverse waves can be easily distinguished due
therein. to great difference in the Bragg angle. Measurements were
Until now it was commonly accepted that such alterationsperformed upon slow warming from room temperature. The
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FIG. 1. Ultrasound attenuation coefficiestversus temperature
for different frequencies: 27&liamond$, 385 (closed circle 490
(closed triangles 641 (open circles and 750 MHz(open tri-

FIG. 2. Ultrasound attenuation coefficieatversus frequency
for different temperatures: 29@pen circley 312 (closed circlel
339 (open diamonds 353 (triangles, and 373 K (closed dia-

angles. The inset shows the versus temperature dependence for monds. Dashed lines are guides for the eye. Crosses mark positions
490 MHz. Solid lines are guides for the eye. expected of attenuation peaks.

rate of change of temperature was no more than 1 deg/milucers, the measurements of frequency dependences are
Prior to each measurement the sample was kept at a fixg@ther rough compared to those of the temperature depen-
temperature for about 10 min. The accuracy of temperaturéences. Thus, frequencies corresponding to the attenuation
control was better than 1.5 K. Normally, to evaluate the ul-maximums at 353 and 373 K can be only estimated accord-
trasound attenuation coefficient the intensity of the diffractedng to expectations for the peak shape. The relevant positions
light beam was measured at 10 equidistant points along thef attenuation maximums in Fig. 2 are marked with crosses.
direction of the ultrasound wave travelling. Thus, any mea+or 290 and 312 K, the frequency dependences in Fig. 2 do
surement of attenuation at some particular temperature artpt show any significant attenuation peaks that displace with
frequency took about 30 min. Experimental accuracy of théhe changing temperature. However, a weak but unambigu-
attenuation coefficient measurements was about 10%. Howpus peak is seen in Fig. 2 at 275 MHz for all temperatures
ever, for attenuation less than 2.5 dB/cm, the results wergsed in the present study. The nature of this peak is not clear.
influenced by some background attenuation discussed in Réievertheless, this peak being independent of temperature,
20. one can speculate that it arises due to acoustic losses in the
The temperature dependences of the ultrasound attenugltrasound section.
tion coefficient for five different frequencies in the range
from 275 to 750 MHz for the sample under study are shown
in Fig. 1. One can see noticeable narrow peaks, which shift
to higher temperature with increasing frequency. The inten- The temperature and frequency dependences shown in
sity of the peaks in Fig. 1 decreases with increasing freFigs. 1 and 2 reveal the resonance nature of the attenuation
guency; no distinct peaks could be distinguished for frequenpeaks observed. Until now, such resonance sound attenuation
cies higher than 800 MHz. No visible anomalies inin superionic crystals was not observed. However, it is
attenuation were observed above 400 K as can be seen frokmown that resonance phenomena at high frequencies can
an example in the inset in Fig. 1. The shape of the peaks iarise near phase transitions with oscillatory dynamics of the
Fig. 1 evidences clearly that their nature differs from relax-order parametér’ Thus, resonance phenomena observed for
ation ultrasonic attenuation that can be usually observed ithe crystal under study can be treated if one assumes that a
the superionic phase since relaxation peaks for higher frephase transition, which is described by the phenomenologi-
guencies embrace generally those for lower frequencies. Teal order parameten, occurs at some temperatufe. The
confirm the resonance character of the peaks in Fig. 1, werder parameter should be equal to zero bélpuand should
performed measurements of frequency dependences of tlppear abové . to explain acoustic anomalies at higher tem-
attenuation coefficient at various temperatures. Some resulfgeratures. Such a suggestion is normal for the superionic
are shown in Fig. 2. Distinct peaks of ultrasound attenuatiomphase transitions!2 The order parameter is coupled nonlin-
can be seen at 339, 353, and 373 K; these peaks displacedarly with the strain in the acoustic waweif the phase
higher frequencies with increasing temperature. Note thatransition is implied not to be a proper or pseudoproper fer-
due to discrete resonance frequencies of the LiNb@ns-  roelastic oné* When assuming a particular form of this cou-

Ill. DISCUSSION

134306-2



RESONANCE ULTRASOUND ATTENUATION IN THE . .. PHYSICAL REVIEW B 65 134306

pling, the Landau expansion can be written as 6
d=dy+3an’+ tby*+ Fce?+ 3y, (1)

wherea=ay(T.-T); ag, b, andr are phenomenological co-
efficients; ¢ is the elastic modulus below.. Due to the o

. . —~4 —
coupling between the stramand the order parametey the N
latter can be written ag= 7o+ 7,, wherez, is the equilib- ;
rium order parameter in the absence of acoustic waverand o,
depends on time and position. Combining the relation&hip =
with the equation for the order parameter - o

2 p—
mp+Tn=—0®/dn, 2
wherem andI" are the effective mass and damping, one can . ¢
obtain in linear approximation the following relation be-
tweenn, ande:
0 ) | 1 I 1 I
r 7o 3 320 340 360 380
T mei—iel —a—3bng " ® Tm )
wherew=27f. Substituting Eq(3) into the equation for the FIG. 3. Squared ultrasound frequency versus temperature of at-
elastic stress tenuation maximum obtained from temperatgopen circleg and
_ frequency(closed circle and crosseslependences of ultrasound
o=CTe=09P/ e, (4) attenuation. Crosses correspond to crosses in Fig. 2. Straight line is

retaining in Eq.(4) only terms associated with the acoustic a result of least-square fitting.

strain, ar_1d using the_ relationshi_pf= —a/b aboveT, one _and 2 is shown in Fig. 3. The points corresponding to crosses
can obtain the following expression for the complex dynam|qn Fig. 2 are also marked by crosses. THeversusT,, de-
. . m

elastic modulug: pendence can be approximated by a straight line, which

ar? 1 crosses the abscissa axisTataccording to Eq(8). It follows

t=c— — ———— (5)  from Fig. 3 thatT,=325K. The estimate obtained fdr,
b m(w®-wp—iwl agrees with the fact that no relevant attenuation maximums

for T>T, and&=c below the phase transition temperature. Were observed for temperatures 290 and 31&¢e Fig. 2,
Here which are below the phase transition assumed. Note that the
increase in attenuation at high frequencies near room tem-
wgz —2a/m. (6) perature is most probably due to ordinary relaxation absorp-

) ) tion induced by the acoustoionic interaction with maximum
From Eq.(5) on can deduce a relationship for the soundat Jower temperatures. It should be also noted that the reduc-
attenuation above the phase transition using the genergbn in the peak intensity for high ultrasound frequencies,
equation a=(w/2vc)IMT, which is valid for weak which is not predicted by the relationshi@), can be ex-

attenuatior, plained by the influence of omitted higher-order terms in the
2 2 Landau power series expansion.
= aor(T—To) o'l ) The above model implies the existence of a phase transi-
2bv3p mz(wz—w§)2+ ’l'?’ tion at temperature near 325 K. It is well known that there

are no structural phase transitions near such temperature in
the mixed crystals on the base of GefSee Ref. 25, and
references therein Our x-ray powder diffraction measure-

. . > . ments confirm this. However, one can suggest that a superi-
ciesw=wqy. Sincewy depends linearly on temperature ac-

. ) : onic phase transition occurs at this temperature accompanied
cprdmg to Eq.(6), the.res.onance maximums should shift t(.) by changes in the character of ionic fluorine mobitity the

cpure Cek crystal some changes in the character of the fluo-
rine mobility were detected near 290 K in Ref. 25. To verify
such suggestion we performed measurements of temperature
dependences of electric conductance and nuclear magnetic
resonancéNMR) in the sample under study. The ac conduc-
2_ _ 2 tance measurements were carried out using the four-probe
F=ao(Tn=To)l(2mm). ® method within a temperature range of 180-510 K. e
The satisfaction of the relationsh{g) can serve as a crite- NMR line shape measurements were made on a Bruker
rion for the validity of the above theoretical model. The ex- Avance400 NMR pulse spectrometer within a temperature
perimental dependence 6f on T, obtained from Figs. 1 range of 296—400 K. The results of the electric measure-

wherev is the ultrasound velocity ang is the crystal den-
sity. As expected, the relationship) describes the resonance
ultrasound attenuation aboie with maximums at frequen-

waves, in agreement with Figs. 1 and 2. The expresgi®ns

and (7) yield the following relation between the ultrasound
frequencyf and temperaturd,, of the attenuation peak at

this frequency:
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FIG. 4. Logarithm of electric conductance measured at 100 Hz e —— e
(1), 1 kHz (2), 10 kHz (3), and 1 MHz(4) multiplied by tempera- 1000 0 PP
ture versus inverse temperature. Straight line shows a linear depen-
dence. The arrow marks a temperature of the onset of curve devia- |5 5. 1% NMR spectra at several temperatures within the
tion from the linear dependence. range 296-360 K.

g

ments at four different frequencies of 0.1, 1, and 10 kHz, and@round attenuation is rather weak compared to other superi-
1 MHz are shown in Fig. 4. Above 230 K the sample dis-°NIC fluoride crystals(see, for instance, Ref. 18 and
plays high ionic conductivity that does not depend on fre_ref(larencesl th.ere)rt1h ‘s of ult d att
guency at higher temperatures in agreement with the delocatl.- n c%r)chusmn, di re;oRamie pea sto uitrasound attenua-
ized nature of fluorine mobility. The logarithmic curves are 10N Which moved 1o higher temperatures upon increasing

straight lines for low frequencies between about 230 and 328_1e §ound fr?q_llfﬁncy' wer%ofbserved in the doped; Gape- ¢
K: the enthalpy of activation calculated from these curves id!ONiC crystal. The squared frequency versus temperature o

equal to 0.54 eV. Note, that this enthalpy is somewhat highe?he attenuation maximum dependence was found to be linear.

than that for the corresponding temperature range in the pur-Ehe resonance ultrasound gtt_enuation and the shift of attenu-
CeF, single crystal(0.45 eV).?> Above about 325 K the ation peaks were treated within the framework of the Landau

curves start deviating from the straight line revealing notice-theory assuming oscillatory dy’?"?‘m'cs of the orQer parameter
ear a superionic phase transition. From the intersection of

able changes in the activation enthalpy. Drastic alterations i ; : . .
fluorine mobility can be also seen from the temperature delne s_tralght _I|ne that fitted thé*(Ty,) depend_enpe with the .
pendence of NMR line shown in Fig. 5. While no remarkableabsc'ssa axis, the temperature of the superionic phase transi-

changes in the NMR line shape occur between 296 and 32 h was found to be equal to ak_)out 325 K. This agreed with
K, NMR line transforms fast above 330 K manifesting alter- (€ fact that no temperature driven pe?"‘s were observed on
ations in the character of fluorine mobility. Thus, following the frequenpy dependgnqe of attenggtlon a't 290 and 312 K.
other studies of trifluoridé&=28 one can assume that some The saturation of the ionic conductivity, which started near
change in the character of ionic mobility occurs near 330 K325 .K’ and the Chaﬂges i7F NMR spgctra above 330 K
Hence, the conductance measurements as well as the N nfirm the suggestion about a superionic phase transition.

confirm the suggestion that some superionic phase transitioh'€ Unusually slow critical dynamics of the order parameter
exists slightly above room temperature. that gives rise to resonance uItras_o_und attenuation near t_he
The frequencyw, defined by the relationshif§) can be phase transition might be a specific feature of superionic
treated as an analog of the soft mode for the displacive Stru&onductors.
tural phase transitiorfs. However, for the structural phase
transitions, the soft mode is a phonon mode with much
higher frequency than compared to resonance frequencies The present work was supported by the National Science
observed here. Thus, we can speculate that dgis the  Council of Taiwan under Grant No. 89-2112-M-006-039 and
attribute of superionic solids and might arise due to soméy the Russian Foundation of Basic Researches. The authors
collective ionic movement. It should be noted that the crystathank A.A. Kuleshov and E.l. Spirin for elaboration and
used for the present study seems to be very suitable for olmnaking some units, and V.V. Vorob’ev for the sample buff-
serving the resonance acoustic phenomena since the badkg.
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