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Resonant ultrasound spectroscopy of KTa;_,Nb,O; ferroelectric relaxor crystals
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The influence of the development of a ferroelectric state on the elastic properties of KTa;_,Nb,O5 relaxor
crystals is explored. The high sensitivity of the elastic stiffness tensor to the polar distortions and their
reorientational dynamics is individual for each particular component: ¢;; and c44 are primarily influenced by
the reorientational motion of the distortions between the nearest neighboring (111) directions; the ¢;,, however,
depends primarily on the reorientations between the (111) directions neighboring along the cubic face diagonal.
Consequently, the temperature behavior of c¢;, demonstrates a different dependence on the Nb concentration
than that of ¢ and c4y. In the 1.2% Nb crystal all three elastic coefficients clearly show a softening with the
appearance of the dynamic polar distortions while, in the 16% Nb crystal this effect is strong for ¢;; and cyy,
but changes in ¢y, occur only in the vicinity of the phase transition. Nevertheless, close to the transition the
elastic properties become more isotropic for all three crystals. The curves of slowness and Young’s modulus
within the main crystallographic planes are presented and the linear compressibility modulus is estimated. The
values of the Debye temperatures with an error of =2 K are estimated to be approximately 594, 589, and 592

for the crystals containing 1.2, 8, and 16% of Nb, respectively.
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I. INTRODUCTION

Relaxor ferroelectric compounds, especially the lead-
based ones (e.g., PbMg;;3Nb,;305, PbZn,3Nb,305), are of
essential importance for industrial applications as materials
for memory elements, sensors, and actuators.!> However,
many aspects of the relaxor ferroelectricity phenomenon still
remain unclear.>~® The reason for this is an extremely high
complexity of the lead relaxors, in which the ionic displace-
ment disorder is combined with complicated local structural
and compositional disorder. Presence of the regions with
face-centered symmetry in their cubic lattice makes analysis
even more difficult.”® Willing to shed more light on the
nature of the relaxor phenomenon we feel that it is useful to
concentrate on much simpler types of compounds, such as
KTa,_,Nb,O5 (KTN),'? in which ferroelectricity is caused by
off-centering of only one type of ion,!! Nb. Similar to the
lead relaxors, KTN has a perovskite lattice structure, where
tantalum and niobium ions interchange in the centers, potas-
sium ions occupy the corners, and oxygen ions are placed on
the faces of the cubic cells. When the temperature is suffi-
ciently high, the KTN crystal is paraelectric with cubic lat-
tice symmetry. With cooling down, it undergoes a sequence
of ferroelectric phase transitions to tetragonal (at T,;), to
orthorhombic (at T,,), and finally to rhombohedral (at T, ;)
symmetry.'? If the concentration of Nb is small (between
~0.8 and 6%), only one transition is present, and at T,,, the
KTN crystal transforms from cubic to thombohedral symme-
try directly.'> By changing the Nb concentration, one can
vary the temperatures of the phase transitions. If the concen-
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tration of Nb is not too high (=<30%) there is a strong influ-
ence of the relaxor behavior on the material properties.!>!*
This behavior is attributed to the appearance of the so-called
polar nanoregions (PNRs), i.e., areas with ordered elemen-
tary electric dipole moments of the lattice cells,'> which ap-
pear well above!®!” T,,. These are capable of a reorienta-
tional motion as single units; however on lowering the
temperature, with each successive phase transition, their dy-
namics becomes progressively restricted until, in the rhom-
bohedral phase, they are essentially frozen in a specific (111)
direction.!®

In this work we explore the influence of the PNRs on the
KTN elastic properties using the high sensitivity of the
method of resonant ultrasound spectroscopy'® (RUS), in
which from the spectrum of acoustical resonances the full
elastic tensor of the crystal is derived. To the best of our
knowledge, there are no publications presenting the tempera-
ture dependence of the full elastic tensor for any of the ferro-
electric relaxor crystals. However, the analysis of tempera-
ture dependences of longitudinal?®?' and transverse?!
acoustic phonons in the cubic phase of KTN (Ref. 21) and
PbMg, sNb,,;0; (Refs. 22-24) single crystals suggests a
strong coupling between phonons and PNRs. Application of
RUS allows us to calculate simultaneously the full set of the
elastic coefficients integrated over the whole crystal, to de-
termine their temperature dependence, and to make a further
step in understanding the coupling between the dynamic
PNRs and sound waves.

©2008 The American Physical Society
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TABLE 1. Parameters of the investigated KTN crystals.

Nb (%) Dimensions (mm) Weight (grams)  Critical T (K)
T}I 1}2 1)3
1.2 6.09 X 6.80X 11.99 3.359 10
8 4.82X5.05%9.08 1.509 90 84 76
16 5.11X9.18X11.41 3.565 135 125 110

II. EXPERIMENT

The method of RUS is based! on determining the reso-
nance frequencies of the investigated object. For this pur-
pose, the investigated sample is suspended in a cryostat al-
most freely between two transducers, so that the mechanical
contact between the sample and each of the transducers is
very weak. One of the transducers is used as a transmitter of
the exciting ultrasound signal while another one serves as a
receiver. If the excitation frequency is far away from any of
the resonance frequencies of the investigated sample, then
the receiving transducer does not detect any signal. If the
excitation frequency is close to one of the resonances of the
sample, then a strong sample vibration creates a signal at the
receiving transducer. Having recorded the spectrum consist-
ing of a set of resonances and knowing the mass, shape, and
lattice structure of the sample, its full elastic stiffness tensor
can be evaluated.'® Repeating this procedure at different tem-
peratures, the temperature dependence of the tensor can be
obtained.

In the present work we have used three rectangular (100)-
cut KTN crystals with Nb concentrations of 1.2%, 8%, and
16%. The surfaces of the crystals were polished to optical
quality. The main parameters of these three specimens are
summarized in Table I.

For each crystal, in a broad temperature range starting
from room temperature and ending well below the tempera-
ture of the lowest phase transition, a set of spectra containing
the first 40-45 resonances was recorded. Figure 1 shows
examples of these spectra measured at several temperatures
as the 8% KTN crystal approaches the first phase transition.
When the temperature is well above T, a typical spectrum
consists of a number of strong and clearly identifiable reso-
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FIG. 1. (Color online) Examples of the acoustical resonance
spectra of the 8% KTN crystal, measured at a number of different
temperatures, as the sample approaches phase transition at T,
~90 K. The curves are offset for clarity.
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FIG. 2. (Color online) Example of the KTN crystal containing
8% of Nb: (a) frequencies of the first nine acoustical resonances as
a function of temperature; (b) general look of the spectrum.

nances whose frequency depends on the temperature (see the
spectra measured at 138.6 and 102.6 K). On approach to T,;,
with appearance of the PNRs, the spectrum becomes noisy
(compare the spectra measured at 102.6 and 92.7 K). At T,
this noise strengthens dramatically. Yet, the nucleation of the
polar domains causes significant modifications in the spec-
trum because the resonance frequencies are defined not only
by the sample mass and geometry, but also by the domain
structure. The lack of a model capable to account for an
effect of the domains on the sample vibrational spectrum
does not allow us to perform the analysis below T,.;. Conse-
quently, we have to limit our study to the lattice dynamics in
the cubic phase (above T,;) only.

Figure 2(a) shows an example of the temperature depen-
dences of the first nine resonances in the 8% KTN sample.
To facilitate understanding, Fig. 2(b) also shows the spec-
trum of these resonances, measured at the room temperature.

III. ANALYSIS AND DISCUSSION

Assume, the elastic waves in the crystal have harmonic
time dependence, i.e., ~e'“". Their propagation is described
by equation!®

azl/lk
potu + X, Cijti =0 (1)
ikl dx; dx
with the free-surface boundary conditions
J

Here p is the mass density,  is the angular frequency, u; and
x; are the i-th components of the displacement vector and
Cartesian coordinate, c;;y; is the ijkl-th component of the
elastic stiffness tensor, and o;; is the ij-th component of the
stress tensor. The indices i,j,k, and [ run over all three spa-
tial directions.

It is well known that a cubic symmetry lattice is charac-
terized by three independent components of the elastic stiff-
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FIG. 3. (Color online) Temperature evolution of the elastic co-
efficients (a) ¢y, (b) c44, and (c) ¢y, calculated from the resonance
spectra for the KTN crystals containing 1.2% (squares), 8%
(circles), and 16% (diamonds) of Nb; solid curves in the panel (a)
show corresponding ¢, coefficients measured by the pulse-echo
technique. The error, shown for ¢4y of 1.2% Nb crystal (b), is of the
same relative magnitude for all calculated coefficients. Values of
T, are shown on the top of the panel (a). Arrows mark the tem-
peratures (*+5 K) at which the elastic coefficients deviate from
straight lines.

ness tensor.> Using the Voight notation, there are c,;, related
to the longitudinal acoustic (LA) wave propagating in (100)
direction, c,y, related to the transverse acoustic (TA) wave
propagating in (100) and polarized in (010) direction, and
¢y, which by itself does not control any sound wave, but the
difference (c;;—c,) describes, for example, a shear wave
propagating in (011) and polarized in (100) direction. Figure
3 shows the temperature dependences of these quantities de-
termined by numerically solving Egs. (1) and (2) using the
measured values of the resonance frequencies. Small at high
temperatures, the error of calculations significantly increases
on approach to 7., as shown with error bars on the example
of ¢y for the crystal with 1.2% of Nb [Fig. 3(b)]. To double-
check that the solution converged to the correct values, one
of the coefficients, c;;, was also measured by the conven-
tional ultrasonic pulse-echo technique®® using 40-MHz trans-
ducers [solid lines in Fig. 3(a)]. The close agreement be-
tween the c;; values, obtained by the two different methods
is remarkable. A small mismatch on close approach to T, is
caused by an increasing uncertainty in both the RUS and
pulse-echo measurements due to the growing influence of the
randomly oriented dynamic PNRs with tetragonal local sym-
metry. In these conditions, the elastic coefficients lose their
genuine meaning, which is accompanied by the deviation of
the frequencies of the resonances in the RUS method, and
dissipation of the ultrasonic signal and deterioration of the
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pulse shapes in the pulse-echo method. The results for ¢,
and ¢, are also in agreement with the earlier works.2%?!

At a glance, on all samples the three elastic coefficients
demonstrate similar trends in their behavior (Fig. 3). Starting
from high temperature, the coefficients initially show a usual
linear increase. However with further cooling they deviate
from straight line (the deviation points are marked with ar-
rows) and start to soften—at first slowly and subsequently
with increasing speed. This softening, being precursor to the
transition, is related to appearance of dynamic PNRs capable
of reorientational motion and their interaction with
phonons?!'~?* and represents a consequence of relaxor behav-
ior. Close to T, the softening turns into a sharp decrease.

A closer examination of Fig. 3 reveals an interesting fea-
ture. In the 1.2% Nb crystal the deviation of ¢, and cy4 starts
much closer to the transition temperature than in two other
crystals, as it is expected from the earlier study,”® where on
approach of the KTN composition to pure KTaOs, a gradual
disappearance of 1/s;, softening was observed (s, is elastic
compliance coefficient). However, the ¢, coefficient be-
haves differently: its deviation starts 40+ 5 degrees above
T,, for the 1.2% sample, 25 =5 degrees for the 8% sample,
and 105 degrees for the 16% sample, as marked with ar-
rows in Fig. 3(c), so the ¢}, decrease becomes sharper with
increase in Nb concentration. This observation reflects the
fact that ¢y, ¢4y, and ¢y, couple to different types of reori-
entational motion of the PNRs through their interaction with
the LA, TA, and mixture of LA and TA waves, respectively.
While the ¢, and c44 are sensitive to the librations of PNRs
between the neighboring (111) directions,?' ¢, is more sus-
ceptible to the reorientations of PNRs between the (111) di-
rections, located over the face diagonal, as illustrated in in-
sets in Fig. 3. The last type of reorientational motion is the
most sensitive to increase in Nb concentration. When the
concentration is small, the face diagonal motion of the PNRs
is plausible, and through coupling to the acoustic waves, it
influences the ¢, coefficient [Fig. 3(c)] by deviating it from
the linear dependence at temperatures that are significantly
higher than T, (the 1.2% case). The increase in Nb concen-
tration causes the growth of the PNR sizes and fixes their
orientation along one of the (100) directions.!® Consequently,
the face diagonal reorientations become less favorable, and
the ¢, coefficient continues to follow a linear dependence
until the temperature is very close to T,; (i.e., the 16% Nb
case).

With further growth of Nb concentration, at =50%, the
KTN crystal loses its relaxor properties and behaves as a
classical ferroelectric.!® In our opinion, in this case the elas-
tic coefficients at the phase transition should exhibit a sharp
discontinuity, such as?’ in BaTiO; or PbTiO;. In effect, fur-
ther increase in Nb content should reduce precursor softening
of ¢y, and ¢4y down to its total disappearance.

Obtained experimental data allow us to determine a num-
ber of fundamental parameters of the material that are impor-
tant for building experimental devices, e.g., microactuators
and other microelectromechanical systems (MEMS), and for
theoretical simulations of the KTN properties—in particular,
for first-principles calculations.”®?° Using the Christoffel
equations, one can calculate the value of the sound speed in
an arbitrary direction:
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FIG. 4. (Color online) Example of the KTN crystal containing
16% of Nb: (a) room temperature (100) plane cross-sections of the
slowness surfaces (solid and open circles stay for the shear and
quasishear modes, crosses represent the quasilongitudinal mode);
(b) (110) plane cross sections of the Young’s modulus surface cal-
culated at the room temperature (crosses) and at 136 K (stars).

(cijrK K= pv* 83) Uy =0, 3)

where K;, U; are the direction cosines for propagation and
polarization vectors; &y is the Kronecker symbol. As an ex-
ample, the (100) plane cross-sections of the room tempera-
ture slowness (reciprocal speed) surfaces calculated for the
KTN sample containing 16% of Nb are shown in Fig. 4(a).

It is also straightforward to determine the Young’s
modulus,? the ratio of an applied longitudinal stress to the
resulting longitudinal strain. The anisotropy of the modulus
is demonstrated in Fig. 4(b). The development of the PNRs
changes its shape dramatically. While at the room tempera-
ture the Young’s modulus extends along (001) direction [Fig.
4(b)], near the phase transition it is almost isotropic with a
weak elongation along (111) direction. This is the conse-
quence of the fundamental change in the anisotropy factor®
of the sample A=2c,4/(c|;—cyp) from A=0.77<1 at room
temperature to A=1.08 =1 on approach to T,.

Another important characteristic of the crystal is its linear
compressibility. In the cubic system, its value is isotropic and
at room temperature equals to about 1.9+0.1 T Pa~! for all
crystals. On approach to T, starting from 10-20 degrees
above T,, this value increases up to about 3 T Pa'.

The Debye temperature of a KTN crystal can be estimated

from?!
o _£<67T2N)1/3
DT\ v )

3
- 1 -
vR=— | v6.0)d0, 4)
12735 Jo
where # and k;, are the Planck and Boltzmann constants, N is

the number of atoms in a unit cell, and V is the volume of the

PHYSICAL REVIEW B 78, 064113 (2008)

unit cell. Calculating the average velocity vp, the summation
runs over all three angle 6- and ¢-dependent acoustic phonon
modes, and the integration runs over the whole solid angle )
of 4. For the 16% Nb KTN crystal at room temperature the
ratio N/V~=7.9X10?> atoms/cm’. The average speed of
sound is vp=4.67 km/sec so the value of the Debye
temperature®' is @,=~592+2 K. Similar calculations for
the 1.2 and 8% Nb crystals yield 594*=2 and 589*2 K,
respectively. These estimates complement the older value of
®,~580 K, obtained for the quantum ferroelectric
KTaO; crystal.

As a final note, strong noises due to the multiple scatter-
ing on the domain walls did not allow us to extend this
exploration to the lower-symmetry phases. To overcome the
problem, ultrasonic experiments involving poling the crystals
are necessary. Alternatively, the elastic coefficients can be
determined from micro-Brillouin scattering spectra, as it was
done, e.g., in Ref. 33. While the ultrasonic methods probe
macroscopic properties of the crystal as a whole, the micro-
Brillouin scattering retrieves information from microregions
in the crystal.

IV. SUMMARY

Using the method of RUS, we have explored the influence
of the PNRs on the KTN elastic properties during the devel-
opment of the ferroelectric state. All three independent elas-
tic coefficients show a high sensitivity to the appearance of
the polar distortions, but they interact with the PNRs motion
differently. While the c;; and ¢4y are strongly influenced by
the PNRs reorientations between the nearest neighboring
(111) directions, the ¢}, value is mainly sensitive to reorien-
tations between the (111) directions neighboring along the
face diagonal. Consequently, in our range of concentrations
the ¢, softening strongly depends on the Nb concentration
and exhibits narrowing of its relaxor temperature range when
this concentration increases. Being connected directly with
size distribution and temperature evolution of the PNRs and
their interaction with phonons, a similar effect is also ex-
pected for c¢;; and cyy coefficients. From the elastic coeffi-
cients, a number of fundamental KTN parameters were
evaluated including the velocity of the arbitrary sound wave,
the Young’s modulus, the linear compressibility, and the De-
bye temperature. Near the phase transition (T~=T, +2 K)
the elastic anisotropy factor approaches unity and the crys-
tals are practically isotropic in terms of elasticity.
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