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Elastic and anelastic properties of poled and depoled single crystals of Pb(In;,;Nb;,,)O3-Pb(Mg,3
Nb,/3)03-PbTiO; with compositions close to the morphotropic boundary have been investigated
over the temperature range 5—700K by resonant ultrasound spectroscopy (RUS) at frequencies of
0.1-1.2 MHz. Steep elastic softening occurs in a temperature interval of at least 250K as the Vogel-
Fulcher freezing interval and cubic — tetragonal transition point, 7., are approached from above.
This is understood in terms of coupling between acoustic modes and central peak mode(s) associated
with dynamic polar nano regions (PNR’s) below the Burns temperature. Acoustic losses occur in a
temperature interval of ~50K above T, associated with slowing down of the PNR dynamics. The
cubic < tetragonal and tetragonal < rhombohedral transitions are accompanied by steep minima in
elastic properties, closely analogous to the pattern of softening and stiffening observed in sequences
of improper ferroelastic transitions in other perovskites. Variations in the magnitudes of acoustic
losses at T' < T, correlate with the density of ferroelastic twin walls, from lowest for [001].-poled and
[111].-poled crystals in the stability fields of the tetragonal and rhombohedral phases, respectively, to
highest for unpoled crystals. A simple model of Debye-like peaks in acoustic loss near 100K has
yielded activation energies and attempt frequencies in the same range as those observed from
dielectric data in the Vogel-Fulcher freezing interval. These highlight the fact that, in addition to
conventional ferroelectric/ferroelastic twin walls, relaxor ferroelectrics contain local structural
heterogeneities coupled to strain, which are probably related to the presence of static PNR’s
preserved even in poled crystals. RUS also provides a convenient and effective means of determining
the mechanical quality factor of relaxor ferroelectrics, as functions of both poling history and
temperature. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794027]

. INTRODUCTION (e.g., Refs. 6 and 9). Crystals with different twin configura-
tions have different macroscopic responses to an applied stress
or electric field and different resistance to becoming depoled.
The presence of twin walls may or may not be beneficial,
however, because their motion under the influence of an ac
electric field or of a dynamic stress can give rise to significant
dielectric and acoustic loss (e.g., Refs. 3, 5, 6, 8, and 10).
Underlying almost all aspects of the structure/chemistry/
property relationships which might be harnessed in this con-
text are the fundamental role of phase transitions, the proper-
ties of twin walls, which may be ferroelectric, ferroelastic, or
both, and the influence of static and dynamic polar nano
regions (PNR’s).

The zone centre soft optic mode in a conventional ferro-
electric such as PbTiO; typically gives rise to a first order
structural phase transition between the parent (cubic)
paraelectric phase and a ferroelectric product at the Curie
temperature, T..'*> The dielectric permittivity has a sharp
maximum at temperature T,,, which is coincident with T,
and independent of measuring frequency. In the limiting
case of a relaxor such as PMN, cubic lattice geometry is
maintained down to low temperatures during cooling in
YAuthor to whom correspondence should be addressed. Electronic mail: zero field. Instead of the development of long range order at

guillaume.nataf@phelma.grenoble-inp.fr. a discrete phase transition, dynamic PNR’s appear below the

Relaxor based ferroelectric single crystals with compo-
sitions in binary systems, such as Pb(Mg;,3Nb,,3)O3-PbTiO3
(PMN-PT) and Pb(Zn;;3Nb,3)O3-PbTiO3 (PZN-PT), or ter-
nary compositions, such as Pb(In;,Nb; ,)O3-Pb(Mg;3Nb,/3)O5-
PbTiO5; (PIN-PMN-PT), have been a focus of intense interest
over the last 15 years, due to their ultrahigh piezoelectric
performance (e.g., Refs. 1-7). The most promising phases, in
terms of thermal stability, physical properties, and stability
with respect to depoling, appear to have compositions near
but just to the rhombohedral side of the morphotropic bound-
ary.® A further refinement for controlling and optimising
these properties has been to vary the configuration of macro-
scopic twin domains by poling along different crystallo-
graphic axes (e.g., Refs. 3-5, 8—11). For example, poling of
a thombohedral crystal at room temperature along [001],
with respect to crystallographic axes of the parent cubic
structure, gives four (111) domains (4R), poling along
[111]. gives a single thombohedral domain state (1R) and
poling along [011]. gives two rthombohedral domains (2R)
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Burns temperature, Ty, and there is a freezing interval marked
by broad frequency-dependent maxima in the real part of the
permittivity. This process involves a wide spectrum of relaxa-
tion times, which can be described in terms of Vogel-Fulcher
dynamics (e.g., Refs. 13 and 14, and many references in recent
reviews, such as Refs. 15 and 16). A characteristic feature of
binary and ternary perovskite relaxor-ferroelectrics is that they
exhibit aspects of both limiting behaviours. In particular,
frequency-dependent maxima in the dielectric permittivity,
relating to the collective freezing behaviour, may occur at a
temperature above the temperature at which a discrete change
in symmetry would be expected to occur by development of
long range order (T,,, > T,) (e.g., Refs. 15, 17, and 18). A dif-
fuse relaxor-ferroelectric transition occurs for 7, < T,
though this becomes sharp if 7. — T, (Ref. 19) (see Fig. 9 of
Ref. 15). Poled crystals of relaxor ferroelectrics are also not
quite the same as conventional ferroelectrics because of the
persistence of static PNR’s, which are themselves poled to
some extent.'> For example, in the case of PZN, static PNR’s
with [110].-type polarisations remain embedded within crys-
tals, which have long-range ferroelectric order induced by an
electric field applied parallel to [111]..%° According to Xu
et al., “even a huge external electric field cannot remove the
PNR'’s or force them to merge into the surrounding lattice.”
The static, poled PNR’s form pancake-shaped regions in the
stability field of the rhombohedral structure of PZN-PT (e.g.,
Refs. 21-23). This poling of the PNR’s may also persist well
into the stability field of the cubic phase.**

By far and away the most commonly applied technique
used for characterising the properties and behaviour of both
relaxor and conventional ferroelectrics is dielectric spectros-
copy. The real part of the dynamic response to an ac electric
field is the permittivity, ¢, and the imaginary part, &’, gives the
dielectric loss as tand = ¢”/¢’. However, because there is
strong coupling between lattice distortions (strain) and the fer-
roelectric order parameter, it is inevitable that there will be
changes in elastic and anelastic properties associated with the
discrete phase transitions, the mobility of twin walls and the
evolution of PNR’s. Mechanical spectroscopy can, therefore,
provide additional insights into the structural evolution from a
slightly different perspective (for example PMN-PT? ). The
real part of the elastic response to a dynamic stress field,
expressed as the elastic compliance, is analogous to the dielec-
tric permittivity, and the imaginary part of the response gives
the inverse mechanical quality factor, Q_l, which is analogous
to tano. Different results from dielectric and mechanical spec-
troscopies will be due, at least in part, to the fact that electric
dipole interactions are expected to be relatively strong and
short ranging in comparison with elastic strain fields, which
are expected to be weaker but longer ranging. Dielectric and
acoustic loss behaviour will differ also due to the fact that there
is no strain contrast across twin walls between 180° domains,
while twin walls between 90° domains in a tetragonal structure
(109°/71° domains in a rhombohedral structure) are both ferro-
electric and ferroelastic. The former will provide the main ex-
trinsic response to an applied electric field while the latter will
provide the dominant extrinsic response to a stress field.

The primary objective of the present study was to inves-
tigate strain coupling in a typical relaxor ferroelectric by
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observing the elastic and anelastic behaviour of poled single
crystals of PIN-PMN-PT. This has been achieved across a
wide temperature interval using resonant ultrasound spectros-
copy (RUS), with a particular focus on the dynamical behav-
iour of PNR’s and ferroelastic twin walls. There are a number
of different ways of measuring elastic properties but RUS
provides a convenient method for following elastic relaxa-
tions in the frequency range ~0.1-2 MHz. Recent studies of
phase transitions in improper ferroelastic perovskites such as
S1Zr05,>* BaCeO;,>° PrAlOs,*® LaAlOs;,*” KMnF;,*® for
example, all display marked changes in elastic properties due
to strain/order parameter coupling, while the dynamics of
transformation-related microstructures can be followed
through the evolution of Q. The same approach to PMN has
revealed an increase in elastic compliance which mimics that
of ¢ through the freezing interval and a frequency dependent
peak in Q_1 which mimics that of tan d; the former indicates
coupling of acoustic modes with central peak modes from
dynamic PNR’s, while the latter appears to be related to the
relaxation of twin walls between 109°/71° domains.* In
poled and depoled 0.955PZN-0.045PT, the patterns of varia-
tion of elastic and anelastic anomalies obtained from RUS are
clearly dominated by ferroelastic aspects of rhombohe-
dral < tetragonal and tetragonal <> cubic phase transitions,
but a memory effect from static PNR’s was also revealed.”*
Figure 1(a) shows the composition of the crystals used
for the present study in relation to the location of the mor-
photropic phase boundary (MPB) at room temperature in
PIN-PMN-PT, together with nearby compositions for which
dielectric and Brillouin scattering data are already available.
It includes values from the literature of 7T,, measured at
1kHz for PIN, PMN and for samples with compositions
close to the room temperature MPB in PIN-PT and PMN-
PT. The value of T, for PT is also given. Figure 1(b) shows
the temperatures of dielectric anomalies measured at 1 and
10kHz from Wang e al.*° for poled ceramic samples with
changing PMN/PT contents across the MPB in ternary
ceramics with 0.36PIN. Anomalies near 430K were inter-
preted as indicating the transition temperature, Ty, for the
R3m ferroelectric (r) to P4mm ferroelectric (t) transition, and
values of T,, were taken to mark the P4mm < Pm3m para-
electric (c) transition. The topology is typical of the central
portion of phase diagrams for PMN-PT, PZN-PT, PIN-PT,
and PZT (Pb(Zr,Ti)O3), leaving aside discussion of the
nature of the phase or phase mixture, which might be stable
in the close vicinity of the vertical MPB itself (e.g., Refs.
41-48). Crystals of PIN-PMN-PT described below were
expected to show the r < t <+ ¢ sequence of the relatively
PT-poor part of Figure 1(b). Table I gives transition tempera-
tures from the literature determined for both single crystal
and ceramic samples with the nearby compositions shown in
Figure 1(a). These are generally lower than in Figure 1(b),
but it is clear that the overall pattern of structural evolution
is reproducible between samples prepared in different ways.
The R3m < P4mm transition is necessarily first order
in character (not a group/subgroup relationship) and
involves some temperature interval of coexisting phases.
The P4mm <> Pm3m transition in samples of PMN-PT,
which are close to or on the PT-rich side of the MPB is
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FIG. 1. (a) Schematic phase diagram for the PMN-PIN-PT ternary system. The MPB composition at room temperature traces an almost linear region between
PIMNT 0/67/33 and PIMNT 63/0/37.%° Data points mark the composition of the sample used in the present study and nearby compositions described in the lit-
erature. (b) Data for 7;,, and T}, determined from anomalies in dielectric permittivity measured at 1 and 10 kHz for ceramics with ternary compositions and
0.36PIN from Wang et al.** C, T, and R mark stability fields of cubic, tetragonal, and rhombohedral structures without consideration of a possible stability field

for the monoclinic structure.

TABLE I. Reported transition temperatures of selected PIN-PMN-PT
samples with compositions on the PT-poor side of the MPB, as identified by
anomalies in dielectric permittivity measured at 1kHz. Transition tempera-
tures estimated from elasticity data in the present study and from the literature
are included for comparison; for these, values of T}, are given in brackets.

weakly first order, as in PT itself (e.g., Refs. 50 and 51).
Small discontinuities in lattice parameter data also appear to
be present at the same transition in PIN-PT.*® It is weakly
first order and close to tricritical on the PbZrOs-rich side of
the MPB in single crystals of PZT.’? There are few data for
the thermodynamic character of this transition in the ternary

Composition Direction . B
PIN/PMN/PT of poling T (K) T (K) Tor (K) T.. (K) phases, but a thermal expansion study of a single crystal of
X 0.28PIN-0.40PMN-0.32PT poled along [001]. has revealed
~26-36/32-46/28-32[001] 393 443 a discontinuity in strain at 453 K, again signifying weakly
(~0.29PT) (Ref. 54) first order behavi 33
26/46/28 (Ref. 53) (001, 389 438 rstorder behavior. .
26/46/28 (Ref. 53) unpoled 481 Properties obtained by RUS are for lower measuring fre-
XPIN(1-x-y)PMNyPT  [001], 378-396 456-434° quencies and involve averaging over longer length scales
x>0.25-0.35 than for the other principal source of elasticity data, namely
y>0.30-0.32 (Ref. 55) Brillouin spectroscopy. Brillouin data have been reported for
23/50/27(Ref. 56) (00t} 390 . a [001].-poled single crystal with composition 0.26PIN-
28/40/32 (Ref. 33) (001} 384 453 O.46PMN—0.28PT,53 which is nominally the same composi-
;3/ :8/ ii (Eei 2;) [ggl]c ;zg 22(5) tion as the [111].-poled crystal used here. These show steep
14033 (Ref. 58) (001 changes in the frequency shift of a LA mode at ~389 and
23/45/32 (Ret. 59) [—-101]. 383 391 444 423K hich dt dto T dT
25/47/28 (Ref. 60) (0111, 400 408 443 ~asd i, which are presumed (o correspond 1o £y and Lo,
WPIN(--y)PMNYPT®  [111]. 396 439 respectively. Brillouin spectra from the unpoled crystal
(Ref. 61) showed a broad minimum at ~413 K during heating and at
x>0.25-0.35 ~385K during cooling. The Burns temperature was esti-
y>0.30-0.32 . mated to be ~593 K, on the basis of a decrease in width of a
36/36/28, poled ceramic 439 483 central peak in the Brillouin spectra, but this is well below
(Ref. 40) h hich th £ fteni
25/43/32 (Ref. 49) the temperature at which the onset of softening occurs
unpoled ceramic 486 (>600K). Ty, at 1 kHz was ~436 K for the poled crystal and

26/44/30 (RUS, heating) [001].
26/44/30 (RUS, cooling) [001].
26/46/28 (RUS, heating) [111], 402
26/46/28 (Ref. 53) [001], 389
(Brillouin)

<~383 ~A63 (T =462)
~A39 (T, =457)
~A30 (T, = 446)

423 (T,, = 438)

*Two poling directions were specified for this sample and it has been
assumed here that the data were given for [001].; the measurement
frequency was not specified.

®Compositions were not fully specified; data reproduced here are for crystals
which were rhombohedral at room temperature.

“Transition temperatures identified by anomalies in thermal expansion.
dComposition not fully specified; data reproduced here are for a crystal
which was rhombohedral at room temperature. Measurement frequency also
not specified.

~481 K for the unpoled crystal. The Vogel-Fulcher freezing
temperature for the unpoled crystal was found to be 454 K.

Il. EXPERIMENTAL METHODS
A. Sample preparation and characterization

The two PIN-PMN-PT samples used for RUS in the
current study were cut from a single crystal grown using the
vertical Bridgman technique.®* Their compositions were
determined by quantitative energy dispersive spectroscopy in
a Hitachi 4300 field-emission scanning electron microscope.
One crystal, with dimensions ~5 x 4 x 3 mm° and composi-
tion 0.26PIN-0.44PMN-0.30PT was poled along the [001].
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direction. In terms of the description of domain engineered
crystals of Davis et al.,” this would be expected to be 4R
(four thombohedral twin domains with polar directions par-
allel to [111], [11-1],, [1-11], and [1-1-1]. at room temper-
ature). The second crystal, with dimensions ~5 x 5 x 1 mm°>
and composition 0.26PIN-0.46PMN-0.28PT, was poled
along [111], corresponding to 1R (one rhombohedral twin
with polar direction parallel to [111].). Poling was achieved
by applying a dc bias field of 10 kV/cm at room temperature.
Piezoresponse force microscopy of a different piece
of the same original (unpoled) crystal, with composition
0.29PIN-0.44PMN-0.27PT, revealed a labyrinthine domain
pattern with domain widths of 50-150 nm, comparable to that
observed in other relaxor ferroelectrics.> An [001]. poled
sample was confirmed to contain a single, essentially homoge-
neous domain (in terms of only the vertical direction, maybe
4R), at least on a scale of 4 x 4 um?, by the same method.
Following the RUS experiments, the crystals were
repoled and their temperature dependent dielectric properties
measured using an Agilent E4980 LCR meter connected to a
customized heating furnace. The [001].-poled crystal had
two sharp peaks in dielectric permittivity (measured at
1kHz) at 374 and 456K and a broad maximum at 462K in
data collected during heating, and a single broad maximum
at 457 K during cooling. Similar anomalies occurred at 401,
431, and 446K during heating of the [111].-poled crystal
and at 442 K during cooling.

B. Resonant ultrasound spectroscopy

The underlying principles of the RUS method have been
set out in detail elsewhere (e.g., Refs. 64 and 65). Equipment
used routinely for data collection in the temperature interval
~5-1400K in Cambridge has been described by McKnight
et al. (e.g., Refs. 66 and 67) and in a number of subsequent
studies of elastic and anelastic phenomena (including Refs.
34, 35, 37, 38, and 68). In combination, the frequencies of
resonances of a sample with known shape allow the determi-
nation of single crystal elastic moduli or, in the case of a pol-
ycrystalline sample, of the bulk and shear moduli. Even if
this complete analysis is not attempted, the frequency, f, of
individual resonances can be used to follow the temperature
dependence of the elastic properties. There is some single
elastic modulus or combination of moduli associated with
each resonance mode that scales with f°. The full width at
half of the maximum height of resonance peaks, Af, depends
on anelastic relaxations®® and is typically used to determine
values of the inverse mechanical quality factor as

o' = Af/f. (1

Room temperature RUS spectra were collected from the
PIN-PMN-PT [001].-poled and [111].-poled crystals in the
frequency range 0.05-2 MHz with the samples in four differ-
ent orientations to observe as many resonances as possible.
Spectra were then collected in a helium flow cryostat, start-
ing with a cooling sequence from room temperature to 10 K
in 30K steps, with 15 min for thermal equilibration at each
temperature. 65 000 and 130 000 data points through the
frequency range 0.05-1.2MHz were collected at each

J. Appl. Phys. 113, 124102 (2013)

temperature for the [001].- and [111].-poled crystals, respec-
tively. Spectra containing 65 000 data points in the fre-
quency range 0.05-1.2MHz were collected at high
temperatures during heating and cooling sequences between
295 K and 700 K in 5K steps, with a 15min settle time
allowed before data collection at each temperature. This was
followed by a new set of measurements at low temperatures
following the same sequence as before, with 65 000 data
points per spectrum in the ranges 0.1-1.2MHz and
0.05-1.2 MHz, for the now depoled [001]. and [111]. crys-
tals, respectively.

Precision and accuracy of quoted temperatures
from the low temperature instrument are better than *£1K.
Temperatures from the high temperature instrument were
corrected by comparison with a calibration of the < «
transition at 846 K in quartz and are believed to have uncer-
tainties of ~*=1K.

All the spectra were transferred to the software package
IGOR PRO (Wavemetrics) for detailed analysis. This involved
determining the frequency, f, and FWHM, Af, of prominent
resonance modes by fitting with an asymmetric Lorentzian
functégn, an approach analogous to that described by Schreuer
etal.

lll. RESULTS
A. [001].-poled sample: Raw spectra

Broad resonance peaks can be observed in RUS spectra
from the [001].-poled crystal of 0.26PIN-0.44PMN-0.30PT

R R R R R R RN RN R RN

750

625

500

Temperature (K)

375

LIS I L B L L L L L L L O L L B

100 120 140 160 180 00x10°

Frequency (Hz)

FIG. 2. Segments of RUS spectra for [001].-poled 0.26PIN-0.44PMN-
0.30PT crystal collected during heating from 290K to 700K. The y-axis is
amplitude but the individual spectra have been displaced in proportion to the
temperature at which they were collected and the axis label is shown as tem-
perature. Weak peaks which do not vary with temperature are from alumina
rods of the high temperature instrument.
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at low temperatures, though these are hard to discern below
~100K. With increasing temperature, they all show fre-
quency lowering, indicative of elastic softening. As shown in
Figure 2, resonance peaks cannot be resolved in spectra from
the high temperature instrument until they appear at ~385 K.
This is followed by stiffening and then steep softening
between ~460 and 465K. These two temperatures are
presumed to correspond with r — t and t — c transitions.
Spectra collected at temperatures within the stability field of
the cubic phase contain a large number of sharp resonances,
which show stiffening with further heating.

Spectra collected during cooling from 700 K down to
465K are indistinguishable from those collected during
heating, apart from a very slight upward shift in frequency
of the peak positions. Weak peaks can still be discerned in
spectra collected down to 441 K, but then are not resolvable
in spectra collected from 436 K down to room temperature.
In the low temperature instrument, samples rest directly on
the transducers, providing the best possibility for detecting
weak resonances, and some peaks are visible in spectra
collected in the low temperature run subsequent to their
cooling from ~700 K.

Quantitative results are given in Figure 3, which shows
the temperature dependence of /> and Q' during heating of
the initially [001].-poled crystal and subsequent cooling of
the depoled crystal. These data were obtained from peaks
which had frequencies of ~196, ~253, ~291, ~304, ~318,
and ~544 kHz at 290 K.

0.04 prrrr T
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F M COOLING HT 7
0.03F A 0 193kHz 3
E HEATING/ 3
E . ¥ X POLEDLT 7
- - <+ © e 291kHz
© 0.02¢ “?o , & 3 A 304KkHz 3
E w ¢ 318kHz A
E A HEATING/ 7
. DEPOLED LT
0.01Fe o v 253kHz
Fe ‘ﬁl". 3
[ o 3 E
Oooplnxnlnnxnl‘.nnlznnh_&mnj 9
” *|:’|-|::|:||:|x||:||- 'I""I""Il40X10
9 X ouom 7
100x10 [ o S ]
[ o ]
L ~— ]
- ) <430
o 80 HeaTING HT _’f 1 =
-~ L m 193 kHz (] B —
L] | COOLING HT .‘ \ . 3 T
— 60} © 193kHz 5 ] Ny
- I HEATING/ o 5 420 =
= I POLEDLT g ] T
N [ e 291kHz 0 E =
L 40 & 304kHz g i g
[ ¢ 318kHz & E =
- [ HEATING/ 410 ©®
20 DEPOLEDLT E
b v 253kHz ]
O 544kHz ]
0'....|....|...,|,...|...|....|....|7
0 100 200 300 400 500 600 700

T (K)

FIG. 3. Results from the analysis of RUS spectra from [001].-poled PIN-
PMN-PT (HT =above room temperature and LT =below room tempera-
ture). /> data from low temperatures are plotted with respect to the left axis
while data from high temperatures are plotted with respect to the right axis.
Frequencies given in the caption refer to approximate values at room
temperature.
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1. Poled crystal

There are substantial variations of Q™' in the stability
field of the rhombohedral structures. Between ~10 and
~30K, weak peaks gave relatively low values of Q~', but
peaks were not easily detectable in the interval ~30-130K,
indicating Q_1 > ~0.03. Above ~130K, there is a trend of
softening with increasing temperature, with relatively high
0! (~0.01-0.02). Because of the lower signal to noise ratio
of spectra from the high temperature instrument, these reso-
nance peaks could not be followed as T — T}, from below. The
r — t transition appears to be defined by an abrupt reduction
in Q™' to values typical of materials with low acoustic loss
(0" < ~0.001). The last temperature at which peaks could
not be detected was 379 K, and the first at which they could be
detected was 384 K. This would put T}, at ~383 K or below,
which is just above the value of 374 K assumed from the peak
in permittivity for the same crystal. It should be noted that f*
values for different peaks shown in Figure 3 for temperatures
below 300 K were scaled so as to have the same value at room
temperature, and that it was not possible to link them to spe-
cific peaks observed in the high temperature spectra.

With increasing temperature in the stability field of the
tetragonal phase, the elastic constants first stiffened and then
softened as T — T.. The t — c transition is clearly defined by
the abrupt reduction in elastic stiffness which occurred
between 460 and 465K, which is just above the value of
T.=456K taken from the peak in dielectric permittivity.
Peaks in the spectrum collected at 460 K are barely detecta-
ble, however, in comparison with the strong sharp resonance
peaks observed at 465K, and the two sets of data are not in-
compatible. The cubic phase is then characterized by steep
stiffening from 465 K up to at least 700 K. It was not possible
to fit peaks in spectra collected between 460 and 481K, but
the values of Q' in this temperature range would clearly
have been part of the distinct tail present at the onset of the
stability field of the cubic phase. Q' reduces to approxi-
mately constant low values above ~510K.

2. Depoled crystal

Data from spectra collected during cooling from ~700 K
reveal the elastic and anelastic properties of the depoled crys-
tal. Steep softening seen as T — T is the same during cooling
as observed during heating, as is the increase in Q™' below
~510K. The last spectrum in which a weak resonance peak
could be resolved was collected at 441 K, and the first in which
resonance peaks could no longer be detected was collected at
436 K. On the basis of these weak peaks, the softening trend of
the cubic phase extends to at least 441K, i.e., ~20 K below the
value of T, which is clearly marked in the heating data.

No data are shown in Figure 3 for cooling between
440 K and room temperature because peaks were not visible
in the spectra. The few data it was possible to obtain below
room temperature indicate the same pattern of stiffening
with falling temperature as seen in the data for the poled
crystal, but with higher values of Q™' (~0.03). The marked
increase in Q' below ~130K is also repeated in data from
the depoled crystal but it was not possible to resolve peaks in
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spectra at the lowest temperatures to indicate whether the
dissipation then reduced again below ~50K.

B. [111].-poled sample: Raw spectra

Figure 4 shows spectra collected on heating from low to
high temperatures from the [111].-poled crystal. The overall
pattern of softening and stiffening is qualitatively similar to
that shown by the spectra in Figure 2 from the [001].-poled
crystal. There is a marked difference in the resonance peaks
below T, however. These are effectively absent from spectra
in the intermediate temperature interval expected to relate to
the stability field of the tetragonal structure, and they are
noticeably sharper and stronger in spectra from the rhombo-
hedral phase.

As with the [001].-poled crystal, resonance peaks were
not detected in spectra collected using the high temperature
instrument during cooling between the temperature at which
they were last resolved, perhaps near 420K, and room tem-
perature. They were clearly present in spectra from the low
temperature instrument, however, and showed a pattern of
stiffening with falling temperature.

Variations of fZ and Q™' from peaks with different fre-
quencies at room temperature in these spectra and in spectra
collected during subsequent cooling are shown in Figure 5.
Note that, for display purposes in this figure, absolute values
of the frequencies have been rescaled so that the data for
each peak overlap at ~700K, from the high temperature
instrument, and at ~10K from the low temperature
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FIG. 4. Stack of RUS spectra for [111].-poled 0.26PIN-0.46PMN-0.28PT
crystal. The change from high-temperature to low-temperature instruments
is marked with a green line. The y-axis is amplitude but the spectra have
been displaced in proportion to the temperature at which they were collected
and the axis label is shown as temperature. Weak peaks which do not vary
with temperature are from alumina rods of the high temperature instrument.
Arrows indicate some of the peaks that were used to obtain fand Q.
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FIG. 5. Results from the analysis of RUS spectra from [111].-poled
PIN-PMN-PT (HT = above room temperature and LT = below room temper-
ature). No peaks were resolved between ~400K and ~440K in spectra
collected during both heating and cooling and between ~420 and room tem-
perature during cooling. Frequencies given in the caption refer to values at
room temperature.

instrument. This is because it was not possible to match indi-
vidual peaks between high and low temperatures.

1. Poled crystal

In the lowest temperature range, the decrease in f is
approximately linear with increasing temperature from ~10
to ~130K. There is then a plateau between 150K and 310 K.
This is followed by steep softening, the disappearance of reso-
nance peaks, and then steep stiffening. The last temperature at
which resonance peaks could be detected was 400K, and the
first temperature at which they could be detected again was
hard to define but was somewhere in the range 427436 K.
These mark the limits of the presumed stability field of the
tetragonal phase, and values of T,y =402 and T, = ~430K are
assumed. In the stability field of the cubic phase and for much
of the stability field of the rhombohedral phase, the values of
0! remain low, indicating low dissipation. A broad Debye-
like peak in Q' occurs between ~70 and ~135K, with its
maximum at ~110K. There is a premonitory increase in Q'
as T — T, from ~380K and an equivalent tail above T,
which reaches baseline values by ~480 K.

2. Depoled crystal

The form of evolution of f> and Q" in the stability field
of the cubic phase of the initially [111].-poled crystal
appears to be fully reversible during cooling from 700K to
~440K. There is a slight upward shift of the resonance fre-
quencies in comparison with data from the heating sequence,
as found also for the [001]. crystal, but, because the peaks in
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spectra collected near 430 K are weak, it has not been possi-
ble to conclude whether there is also a hysteresis in 7. Data
from resonances in spectra from the low temperature instru-
ment show approximately linear stiffening with falling tem-
perature and a slight break in slope at ~120 K, rather than
the plateau seen in data from the poled crystal. Values of
0 ! are higher (0.02-0.03) between ~160 and 300K than
for the poled crystal (0.005-0.015). An additional small peak
in 0" appears to be present near 250K. The Debye-like
peak in dissipation is closely similar to that observed for the
poled crystal apart from being displaced to a slightly lower
temperature, with its peak at ~90 K rather than ~110 K.

IV. DISCUSSION

In PMN-PT and PZN-PT, relaxor characteristics increase
with increasing PMN or PZN content away from the MPB
(see, Ref. 18 and many references therein). The typical pat-
tern of dielectric permittivity from a poled crystal has a single
broad peak at T;,,, which varies with frequency and a second
anomaly, which is independent of measuring frequency, at a
lower temperature, T4. Values of Ty increase as the PT con-
tent is increased towards the MPB, as shown in Figure 9 of
Ref. 15. The former defines the typical relaxor freezing
behaviour while the latter marks the temperature at which
depoling occurs on heating and defines the transition from
ferroelectric to relaxor properties, Trr (€.g., Refs. 19, 50, and
70-72). Although not always stated explicitly in the litera-
ture, Ty, Trr, and T, appear to mark the same point in the
structural evolution as seen from slightly different points of
view. The only exception seems to be for the data of Zekria
et al.,”" which give values of T, from birefringence measure-
ments on PMN-PT in the vicinity of T}, rather than Td/TRF~73

With increasing PT content, the difference between
T4/Tre/T. and T,, diminishes; for example, it is ~20K at
0.77PMN-0.23PT*" and ~8K at 0.67PMN-0.33PT.* In the
compilation of data for PMN-PT, Davis’> shows the differ-
ence as going to zero at a composition which corresponds
with that of the MPB. Kim er al.>® gave this difference as
~15K from heating of a [001].-poled crystal of 0.26PIN-
0.46PMN-0.28PT. Of the two crystals used here, the [001],
crystal has the higher PT-content and is, therefore, closer to
the MPB than the [111], crystal. From the dielectric permit-
tivity measurements, the difference between Ty and Ty, is 6 K
for the former and 15K for the latter. Although the nominal
composition of the present [001].-poled crystal and that of
Kim et al.>® is the same, there are clearly some differences in
exact behaviour, which may depend on sample preparation.
In addition, Kim er al.>® found that T,, at 1kHz shifts up
from ~438 K (poled) to ~478 K (unpoled) and that the sec-
ond anomaly disappears for the unpoled crystal, implying
that there is also an increase in relaxor characteristics which
is not related simply to composition (their Fig. 2).

Patterns of evolution of elastic constants and acoustic
dissipation from RUS measurements mirror the ferroelectric/
relaxor transition behaviour from the perspective of ferroe-
lasticity. The ferroelectric phases show features in common
with the results from phases with improper ferroelastic phase
transitions due to octahedral tilting in perovskites. Coupling
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of the order parameter with macroscopic spontaneous strains
causes renormalisation of the elastic constants, typically as a
stepwise softening at the transition point, and the develop-
ment of ferroelastic twin walls gives rise to a steep increase
in attenuation. The relaxor phases should be more similar to
PMN, in which the influence of the PNR’s is seen overtly in
a continuous variation of elastic constants, first softening
with falling temperature, then passing through a broad mini-
mum in the temperature interval of freezing, and then recov-
ering as temperature reduces further. This is accompanied by
low background levels of acoustic loss at high temperatures,
a steep increase in Q' in the freezing interval, followed by
a decline back to lower values as T — 0 K. Variations in both
% and Q™' show some frequency dependence in the freezing
interval. Broadly, the evolution of poled crystals of PIN-
PMN-PT is comparable with that of the classical improper
ferroelastic perovskites, i.e., reflecting the influence of mac-
roscopic phase transitions, while the evolution of the depoled
crystals is similar to that of PMN, i.e., reflecting control by
the PNR’s. Properties of the cubic phase are strongly influ-
enced by contributions from the PNR’s.

A. Softening in the stability field of the cubic structure

Elastic softening within the stability field of the cubic
phase as T — T, occurs over a temperature interval of at least
250K for the two crystals used in the present study and at
least 350K for the 0.26PMN-0.46PMN-0.28PT crystal used
by Kim ez al.>* In PMN, the onset of this softening coincides
with Tg (~630K) defined with respect to changes in other
physical properties, such as thermal expansion and refractive
index (e.g., Refs. 28, 39, and 74). An alternative criterion
that has been applied for identifying the Burns temperature
is a change in line width of phonon peaks in Brillouin spec-
tra, which gives Tg ~ 593 K for 0.26PMN-0.46PMN-0.28PT
(Ref. 53) and ~700K for 0.65PIN-0.35PT.” These estimates
of Ty are well below the onset of softening, however, and
even for PMN, the same increase in linewidth occurs at
~450K (e.g., Ref. 76) rather than 630K. Similarly, for
0.93PZN-0.07PT, the onset of softening is ~100-200K
above the onset of line broadening of LA- and TA-phonon
peaks.”” In the RUS data for PMN,* there were no signs of
any elastic or anelastic anomalies which could be interpreted
as signifying Tg, apart from the onset of softening. On this
basis, it is concluded that the Burns temperature for
0.26PIN-0.44PMN-0.30PT and 0.26PIN-0.46PMN-0.28PT is
slightly above the maximum temperature (700 K) applied in
the present study. This is comparable with T~ 750K, as
defined by the onset of elastic softening for (1-x)PMN-xPT
with x=0.31, 0.35, and 0.55.7®

Mechanical resonance modes of small samples in an
RUS experiment are dominated by shearing. In the stability
field of the cubic phase, the square of each resonance fre-
quency will scale mainly with Cgy, %(Cll — Cyp) or a mix-
ture of the two, and with only relatively small contributions
from the bulk modulus. For the present sample, as in PMN 9
all the resonances in spectra collected at high temperatures
show the same pattern of softening, implying that all the
acoustic modes are being affected in essentially the same
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way, without any specific symmetry constraints. The soften-
ing mechanism is probably by coupling of acoustic phonons
with dynamic components of the PNR’s, which also give rise
to central peaks (e.g., Refs. 39, and 78-83).

Premonitory changes in Q™' from the low values of the
cubic phase at high temperatures occur in an interval of
~40-50K above T, for both poled and depoled crystals
(Figs. 3 and 5). The onset of acoustic loss at ~300kHz is
thus ~35-50K above the value of T,, (at 1 kHz). The onset
of dielectric loss also occurs in about this temperature range
in ternary crystals (e.g., 100 kHz data in Fig. 3 of Ref. 56 for
0.23PIN-0.50PMN-0.27PT), and the two effects are pre-
sumed to relate to the slowing down of PNR dynamics as
the freezing interval is approached. Dielectric losses will
depend primarily on 180° flipping, while the acoustic loss
will depend primarily on local flipping between 71/109°
orientations. The freezing process must involve both.

Apart from rather slight shifts in resonance frequencies,
there appears to be no sign of significant hysteresis in the
elastic properties of the cubic phase during heating and cool-
ing sequences for the [001]. and [111]. crystals. This is in
contrast with the hysteresis in PZN-PT, which indicated that
static poling of PNR’s can persist above T..>* However, there
does appear to be a hysteresis of ~20K in the t < ¢ transi-
tion temperature for the [001].-poled crystal. Elastic soften-
ing during cooling of this crystal continues down to at least
~441K, and the transition point is presumably marked by
the loss of resonance peaks in spectra collected below this.
Some hysteresis is inevitable at a first order transition but the
difference, which is essentially the same as has been reported
by Kim et al.’® re-emphasises the dominance of relaxor
behaviour in the absence of a bias field.

B. Rhombohedral — tetragonal and tetragonal — cubic
transitions

In Brillouin spectra from crystals with ternary and binary
compositions close to the MPB, r — t and t — c transitions
are clearly defined during heating by steep changes in
frequency shift of LA phonon peaks (e.g., [001].-poled
0.26PMN-0.46PMN-0.28PT;>®> unpoled 0.65PIN-0.35PT;"
unpoled  0.67PMN-0.33PT;** and unpoled 0.69PMN-
0.31PT.”®). Diffraction and elasticity data are not usually both
available from a single sample but in the case of [001].-poled
0.955PZN-0.045PT, at least, a sharp minimum in a shear elas-
tic constant from RUS measurements, which was probably
%(CH — C,), coincides within experimental error with T,
from neutron diffraction (Ref. 24). Although the transition
points for the samples described here are somewhat obscured
by the associated increases in acoustic loss, there seems little
doubt that the elastic and anelastic anomalies near 380 and
460K in RUS spectra from the [001].-poled crystal corre-
spond to the r «— t and t «<— ¢ structural transitions, therefore.

In the case of an improper ferroelastic phase transition
which is weakly first order and close to tricritical, the
expected pattern of softening for most of the single crystal
elastic constants would be a step at T, followed by a non-
linear recovery, as shown in Figure 3 of Carpenter er al.*
The pattern of f* variations seen in Figure 3 for the [001].-
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poled crystal can be understood in terms of this step and
nonlinear recovery below T, combined with PNR-related
softening above T.. It thus appears to be entirely consistent
with the ferroelectric to relaxor transition, which has been
characterized mainly on the basis of dielectric data in the
literature (e.g., Refs. 15, 18, 29, 71, and 72). From the per-
spective of strain and elasticity, the transition is from
improper ferroelastic to relaxor.

The pattern of softening as T, is approached from below
([111].-poling, Fig. 5) and from above ([001].-poling,
Fig. 3) is indistinguishable from what is seen at an equivalent
first order transition without a group-subgroup symmetry
relationship (Imma < I4/mem) in SrZrOs.>* The width of
any two-phase field is not known but tails in Q' on both
sides of T, (Figs. 3 and 5) are also similar to what is seen in
StZrO;. The loss mechanism could be from mobile interfa-
ces between coexisting phases or from premonitory fluctua-
tions/clustering in a single phase material. Either way, it is
clear that the elastic property variations can be understood as
being due to ferroelastic relaxations which would be expected
of a normal, as opposed to relaxor, ferroelectric.

During cooling of 0.67PMN-0.33PT, the form of the
abrupt change in Brillouin frequency shift of the LA phonon
remains unchanged,®* implying that the relaxor — ferroelec-
tric transition is much the same as the ferroelectric — relaxor
transition. In the heating sequence of unpoled 0.26PMN-
0.46PMN-0.28PT, however, the two steep changes from the
poled crystal are replaced by a single broad minimum
approximately midway between T, and T..>> This pattern is
more similar to that seen in PMN (e.g., Ref. 39), and also
occurs in both LA (Cy;) and TA (C44) Brillouin frequency
shifts from unpoled 0.955PZN-0.045PT (Ref. 82) and
0.93PZN-0.07PT.”” In the ternary phases and some binary
phases, therefore, the relaxor — ferroelectric transition is not
the same as ferroelectric — relaxor in relation to the develop-
ment of relatively coarse twin domains without the influence
of an external field. The broad minimum occurs in resonance
frequencies from RUS spectra collected during cooling from
high temperatures for 0.955PZN-0.045PT, but there are still
discernable breaks in slope at T\, and T to show that the tran-
sitions occur even if relatively coarse ferroelectric/ferroelas-
tic twins do not develop.>*

The microstructure of unpoled 0.29PIN-0.44PMN-0.27PT
at room temperature consists of a labyrinthine domain pattern®
but the evidence of acoustic loss presented here indicates that
at least some part of this relaxor microstructure has ferroelastic
properties. In other words, it contains interfaces which move in
response to an applied stress with relaxation times in the vicin-
ity of ~10° s and which become pinned below ~110K.

C. Twin- and defect-related acoustic losses

Abrupt disappearance of resonance peaks has been
described as superattenuation in the case of the r «+— ¢ transition
in LaAlOs, where it was due to the presence of ferroelastic
twin walls in the thombohedral phase (e.g., Refs. 37 and 85).
Acoustic losses observed here in the stability fields of both fer-
roelectric phases at RUS frequencies can be understood simi-
larly in terms of the mobility of ferroelastic twin walls
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between 90° domains of the tetragonal structure and between
71/109° domains of the rhombohedral structure. [111], poling
of PIN-PMN-PT on the thombohedral side of the MPB should
produce a crystal containing, nominally, a single rhombohe-
dral domain with no ferroelectric or ferroelastic twin walls.
This would be expected to have the lowest acoustic loss, and
observed O~ values are ~0.001-0.004 for the temperature
interval ~300-380K (Fig. 5). [001]. poling should produce a
crystal nominally with four differently oriented rhombohedral
domains, and a higher density twin walls. This is reflected in
the higher values of Q_l, 0.006-0.015, in the same tempera-
ture interval (Fig. 3). Heating this crystal into the stability
field of the tetragonal phase must have resulted in a reduction
in the number of twin walls, as indicated by the reduction of
Q! values to ~0.001. Finally, unpoled crystals should have
the highest density of twin walls and should show the highest
acoustic losses, as is indeed observed, with Q_1 ~0.02-0.03
for both crystals in the temperature interval 200-300 K (Figs.
3 and 5).

Between ~50 and ~150K, there are one or more Debye-
like peaks in Q! for both crystals in their poled and depoled
states. This can be accounted for by thermally activated strain-
relaxation processes with characteristic relaxation times,

T =19exp(E,/RT), (2)

such that wt=1 at the temperature, T,,, for which Q*l
reaches a maximum value, Q;ll. Here, w (= 2nf) is the angu-
lar frequency of the applied stress. A single Debye peak
measured as a function of temperature at approximately
constant frequency can be described by (from Refs. 86—88)

el (- D) o

E, is the activation energy and r»(f) is a width parameter
which arises from a spread in relaxation times for the dissi-
pation process. Fits to two peaks with the most complete set
of data points from the [111]. crystal are shown in Figure 6.
They have E,/Rry(f), Q,,! and T, values of 730K (E./r2(f)
=6.1kJ mol '=0.063eV), 0.044, 107K and 1500K
(Ea/ra(B)=12.5Kk] mol'=0.13eV), 0.033, 92K for the
poled and depoled states, respectively. If the dissipation
involves a single relaxation time, the value of f§ is 0 and the
value of r»(f5) is 1. The frequency, f, of the resonance peaks
from which the Q' data were obtained was near 230 kHz,
and rewriting Eq. (2) as f=f.exp(—E,/RT), then gives
attempt frequency, f,, values of ~2 x 10® and ~3 x 10'*Hz,
respectively. These are all clearly approximate values, and
there is a strong correlation, in particular, between E, and
fo. If there is a Gaussian spread of relaxation times, as speci-
fied by the value of f5, the values of E, and f, will be
larger. Nevertheless, they are within range of typical values
obtained from dielectric spectroscopy data relating to the
Vogel-Fulcher freezing process. For example, Kim er al.>
reported E,/kg=610K and f, =4.6 x 10'*Hz for 0.26PIN-
0.46PMN-0.28PT.

Dielectric and acoustic losses above the Vogel-Fulcher
temperature of a relaxor arise by a collective freezing
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process, which involves a wide spectrum of relaxation times.
The Debye-like peaks in Q' at low temperatures observed
here are more typical of the freezing process for local dis-
placements of individual defects under stress. By comparison
with the typical pattern of acoustic losses associated with fer-
roelastic phase transitions, such as in LaAlO; (e.g., Refs. 37,
89, and 90), the most likely cause of the Debye peak near
~110K might be considered to be pinning of the ferroelastic
twin walls. Piezoelectric measurements provide independent
evidence that the mobility of twin walls in PMN-PT
ceramics at 1 Hz reduces with falling temperature at least
down to ~120K (Ref. 91). An increase in acoustic dissipa-
tion has been observed below ~200K in 0.955PZN-
0.045PT,24 and freezing of macroscopic domain wall motion
has previously been reported for PZN-PT near 243K.%?
However, the [111].-poled crystal should in principle have
no twin walls, while the depoled crystal should have a large
number, and both display loss peaks. What appears to be the
case is that there are multiple local loss mechanisms.
Assuming that the poled samples contain no ferroelastic twin
walls would imply that the peak at ~110K corresponds to
the final pinning of some other defect, such as the boundaries
between PNR’s. The peak at ~90K from the depoled sample
could be from local displacements of the twin walls. The
kinetic parameters obtained by fitting have values which
match with those for the Vogel-Fulcher freezing process at
higher temperatures, so the local mechanism must involve
essentially the same style of energy barrier. This contrasts
with the pinning process for ferroelastic needle twins in
LaAlO; and for ferroelastic/ferroelectric twin walls in
SrBi,Ta,0y, for example, in which a much higher activation
energy, ~0.9eV, indicates a dominating role for oxygen
vacancies (e.g., Refs. 89 and 93).
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FIG. 6. Fits of Eq. (3) to individual Debye-like peaks in Q’1 from the [111],
crystal. Straight lines correspond to estimates of the baseline in each case.
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Taking the Debye loss peaks at face value as implying
some variety of local freezing processes also has implica-
tions for the overall elastic properties of PIN-PMN-PT crys-
tals. The Debye equations give”

wT

A 4
and, in the case of a standard linear solid,
Cy—-C
A= % (for(Cy — Cg) < Cg), (5)
R

where Cy is the relevant elastic constant for the unrelaxed
state and Cy the elastic constant of the relaxed state. At
ot=1,0 "= Q;ll but because Eq. (1) was used with ampli-
tude data rather than intensity data, the experimental values
have to be reduced by a factor of ~,3 (Eq. (6) below). Using
0,.'=0.019 and 0.025, then gives A=0.04 and 0.05. In
other words, above the freezing point each of these extrinsic
relaxation processes contributes ~4%—-5% softening. Their
freezing is responsible for most, if not all, of the stiffening
which is evident below ~100K for both crystals in Figures 3
and 5. If, as appears to be the case, there are multiple loss
processes, the total contribution of the relaxations could be
~10%-20%, say, for measurements made in the vicinity of
1 MHz and under the low stress conditions of RUS. By the
same argument, it is expected that there would also be
changes in piezoelectric properties when extrinsic contribu-
tions freeze out at low temperatures, as has been attributed to
the effect on twin wall mobility in PZT and PMN-PT (e.g.,
Refs. 91 and 95).

These patterns of acoustic loss correlate to some extent
with patterns of dielectric loss. For example, dielectric losses
down to ~120 K measured at 1 and 10 kHz for poled crystals
of 0.72PMN-0.28PT are lower for poled than for depoled
crystals,’® as would be expected if the main loss mechanism
is motion of ferroelectric twin walls and/or PNR boundaries
in an effectively viscous matrix. However, an increase in
loss below ~120K for poled crystals was not observed in
unpoled crystals and was attributed to pinning of point
defects to twin walls between macrodomains that remained.
This was accompanied by elastic stiffening and a decrease in
the piezoelectric coefficient d3;. On the other hand, Priya
et al.”’ observed a frequency dependent peak in tand for
PMN-PT, with a maximum near 100 K when measured at
100kHz, which they attributed to “structural irregularities
(or fractal clusters of lower symmetry) inside of normal
micron-sized domains.” This seems more akin to the origin
of the acoustic losses observed in the present study. The pre-
cise origin remains unclear, however, particularly as similar
behaviour is observed in crystals, which are supposed to be
“normal” rather than relaxor ferroelectrics.”®

Experience of twin wall mediated loss behaviour in
purely ferroelastic materials indicates that, in detail, differ-
ent loss mechanisms may operate. At low frequencies
(~1-100 Hz) and relatively high stresses (sufficient to give
strains of 1073—1075), the dominant mechanisms in the
case of LaAlO5 appear to be the advance and retraction of
the tips of needle domains and rotation of the walls out of

J. Appl. Phys. 113, 124102 (2013)

their preferred crystallographic plane. The twin walls in
LaAlOs; interact with oxygen vacancies such that it may be
necessary to exceed a critical stress before they start to
move away from their pinned positions, however.”” The
relaxation time characteristics also do not appear to match
up with those obtained at low stress and higher frequen-
cies, and with Carpenter ef al.®’ suggesting that there must
be some more local bowing mechanism for the twin walls.
For thin walls, this would most likely occur by nucleation
of ledges and their subsequent migration parallel to the
length of the walls,”® as reproduced also in simulations of
twin wall motion. '

In order to produce a more comprehensive picture of
mechanical loss mechanisms in PIN-PMN-PT, it will be nec-
essary to explore the influence of stress and measuring fre-
quency more systematically to produce anelasticity maps of
the type which have been suggested for LaAlO; (see, Refs. 37
and 90). It is anticipated that the dominant loss mechanism for
poled crystals at high measuring frequencies and low stress
will be due to motion of ledges/kinks of the twin walls. For
unpoled crystals, the same mechanism could apply to twin
walls which might be present on a much smaller length scale
within the PNR’s. Thicker twin walls or boundaries between
PNR’s would not be subject to the same pinning force'®! and
should be able to migrate more freely at low levels of stress.

D. Mechanical quality factor, Q,,

As recently reviewed by Zhang and Li,° it can be impor-
tant to control mechanical loss characteristics of relaxor
ferroelectric single crystals used in device applications. For
example, low Q (relatively high mechanical loss) is desirable
in medical imaging transducers, whereas high QO (low me-
chanical loss) is required for high power sonar transducers.
The loss data of interest are expressed as Q,, in tables of
properties of selected samples of PMN-PT, PMN-PZT, PIN-
PMN-PT, and Mn-doped PIN-PMN-PT, in Zhang and Li.°
The authors pointed out that values of this mechanical qual-
ity factor are higher in single domain crystals than
multidomain engineered crystals (e.g., Refs. 5 and 10), they
increase with increasing domain size'%? and they vary with
crystallographic orientation of the poling” (see also Refs. 3,
8, and 103). For example, Q,, is ~200 for a [001].-poled 4R
(multidomain) crystal, ~800 for [001].-poled 1T (single
domain) crystal, and ~1000 for a [111].-poled 1R (single
domain) crystal of PIN-PMN-PT.” Observed values also
vary with proximity to the MPB, being higher for crystals
with relatively lower PT contents, away from the MPB,5 and
the same pattern is seen also for ceramic samples.*® Clearly,
the dominant factors are the mobility and density of ferroe-
lastic twin walls but there appear to be rather few data for
the effects of temperature, particularly through the phase
transitions. Zhang and Li® showed steep reductions in Q,, for
differently poled PIN-PMN-PT crystals with increasing tem-
perature towards the r < t transition point and Zhang et al.’
showed equivalent patterns followed by abrupt increases at
T, for Mn-doped PIN-PMN-PT.

Data presented here indicate that RUS provides an effec-
tive technique for exploring mechanical loss characteristics
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at both low and high temperatures, but direct comparison of
absolute values of QO must be made with some regard to the
precise experimental conditions. First, values of Q from the
widths of amplitude peaks in the RUS signal differ by a fac-
tor of ~+/3 from those obtained from intensity in other
measurements, or from tand,,, where J,, is the phase angle in
the response to an applied dynamic stress. For small
damping,
LA

tan 0, & Nl \/§Q (6)
(see Refs. 104 and 105). To facilitate comparison with data
in the literature, data for Q_1 in Figures 3 and 5 have been
replotted as Q,, =+/3Q in Figure 7. Second, Zhang et al.’
reported that there is a strong dependence of O, on the maxi-
mum dynamic strain imposed in the experimental determina-
tion, with values of ~200-1000 at maximum strains of
~107* and <100 at maximum strains of ~10>. It is not
known precisely what the maximum strain might be during
mechanical resonance of a 3-5 mm parallelepiped in an RUS
experiment, but Walsh et al."*® made an estimate of ~107".
Finally, domain wall movement is generally thermally acti-
vated, with some characteristic relaxation time, which will
vary with temperature such as given in Eq. (2). The extent of
twin wall movement and, hence, of acoustic loss will be
frequency dependent. Here, data are for frequencies of
~0.1-1 MHz, which overlap with measurements of Zhang
and co-workers made using an impedance analyzer in the
vicinity of 0.1kHz (e.g., Refs. 102 and 103).
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1400 193 kHz &
C COOLING HT ¥ ¥ . ]
1200 F m 193 kHz = «Q C .
: HEATING/ & ¥ "o ]
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FIG. 7. Variation of mechanical quality factor, Q,,, with temperature for

[001].-, [111].-poled crystals and after depoling. (HT = above room temper-
ature and LT = below room temperature).
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Figure 7 shows variations of Q,,, between ~40 and ~2000
for [001].-poled, [111].-poled and depoled samples measured
from resonances in the frequency range ~0.1-0.3 MHz.
Absolute values of Q from the high temperature instrument
appear to be modified by the influence of the alumina rods
through which the acoustic signal must travel to and from the
sample and have, therefore, been scaled to match with values
measured at room temperature, where the sample sits directly
between the transducers. The highest values of Q,, were
obtained for crystals in the stability field of the cubic structure
and are presumed to provide a measure of low intrinsic loss,
combined with extrinsic factors such as motion of cracks,
impurities, dislocations, etc. The next highest values are for the
[111].-poled sample in the stability field of the rhombohedral
structure (1R) and for the [001].-poled sample in the stability
field of the tetragonal structure (perhaps 1T in the notation of
Ref. 9). Reduction of Q,, values to ~400 and ~800, respec-
tively, reflects additional loss mechanisms, which could be due
to rotation of the polarisation direction within macroscopic
twin domains, displacement of any remaining twin walls, dis-
placements of boundaries between polarised PNR’s and the
matrix in which they lie, or motion of locally misoriented
regions associated with other defects.

The steep reduction of Q,, as T— T, from above corre-
lates with the steep softening, which has been attributed to the
influence of dynamic PNR’s. This acoustic loss further empha-
sises the fact that local correlations of electric dipoles must be
accompanied by local ferroelastic shear strains. Similar reduc-
tions occur as T — T, from below in the [111].-poled crystal
and from above in the [001].-poled crystal, implying that fluc-
tuations or clusters of locally differently strained states also
occur in anticipation of the r < t transition. Low (<~50) val-
ues of Q,, for the depoled crystals are consistent with loss
mechanisms due to the mobility of multiple twin walls and/or
interfaces of unpolarised PNR’s. Freezing processes which
occur below ~150K lead to recovery of Q,, up to at least
~400, and manipulation of these to higher temperature, say by
the addition of impurities, might add to the methods evaluated
by Sherlock ez al.'® for engineering the characteristic acoustic
properties of PIN-PMN-PT single crystals.

Two generalisations can be drawn from comparison
with the new insights provided here and data from the litera-
ture. From the low-temperature results, it appears that there
are multiple acoustic loss mechanisms for which the activa-
tion energy landscape is not dissimilar from that encountered
in the Vogel-Fulcher freezing process for electric dipoles.
From the result of Zhang et al.” for the effect of changing
stress, there must be differences in the strength of pinning of
the microstructure in these materials. Both highlight, again,
the importance of ferroelastic aspects of relaxor ferroelectric
properties that are exploited in device applications.

E. Influence of static PNR’s below T, and T

As set out in the introduction above, a generalised view
of relaxor-ferroelectric behaviour is of some combination of
the limiting behaviour of a conventional ferroelectric such as
PT and of a relaxor such as PMN. The soft optic mode of
the former becomes modified by the freezing behaviour of
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dynamic PNR’s of the latter. At intermediate compositions
in binary systems, such as PMN-PT, the freezing interval
defined by maxima in the dielectric permittivity overlaps
with T. for the discrete t«- c transition. This should be
reflected in the elastic and anelastic properties, which are
also different for the two limiting cases. The ferroelectric
order parameter, ¢, couples with volume and tetragonal or
rhombohedral shear strains, e, in a linear-quadratic manner,
Jeq?, which does not give rise to softening as the ferroelec-
tric transition point is approached from above. The observed
softening below TF is, therefore, one of the most readily dis-
tinguishable influences of dynamic PNR’s. Any fluctuations
in the cubic phase ahead of the phase transition are likely
also to cause softening but the temperature range over, which
it occurs in perovskites is much greater for ferroelectric tran-
sitions than for ferroelastic transitions. For example, the soft-
ening interval is ~300K in PIN-PMN-PT (this study,’®),
PMN,** and PZN-PT (see Refs. 74 and 107), and ~250K for
BaTiO; (Ref. 108) but less than ~50K for BaCeOs,>
SrTiO5,'% LaAlOs,* S1Zr0O5,* and KMnF;.*®

The influence of PNR’s on elastic properties below the
freezing interval can be seen in differences between heating
of poled crystals and cooling of depoled crystals. The char-
acteristic pattern for freezing of the PNR’s is shown by PMN
and is a rounded minimum in the elastic constants through
the freezing interval followed by elastic stiffening, with
acoustic losses closely resembling the dielectric losses.””
This rounded minimum in elastic properties was seen by
Kim et al.>* for cooling of unpoled PIN-PMN-PT but their
poled sample gave abrupt changes more typical of discrete
phase transitions.

Additional information from the present study relates to
the acoustic loss, which is low for the poled crystals in the
stability fields of their respective tetragonal and rhombohe-
dral stability fields. The poling must reduce acoustic losses
both from twin walls of the ordered ferroelectric structure
and from the PNR’s, consistent with the view that the static
PNR’s are themselves poled (e.g., Refs. 20-23). This poling
of the PNR’s can then account for the memory effect in
cubic PZN-PT,** the restoration of a tetragonal phase with

E [001]

T

[001], R2>1T I (00T ]

(100}, [100],

¥
[010),

T [001],

LA

.

[010),
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low acoustic losses from a rhombohedral crystal poled along
[001]. (this study) and the stability field of an orthorhombic
phase when the poling is along [110]. (e.g., Refs. 11, 55, 59,
60 and 110-115). Davis'® compared some of these effects
with the influence of internal bias fields due to the presence
of defects.'® It is clear that the structural and domain states
of relaxor ferroelectrics can be manipulated specifically
through controlled poling of the PNR’s not only by the
choice of orientation but, as shown by Lu er al.,"'" also by
the strength of the poling field.

V. CONCLUSIONS

Variations of the elastic and anelastic properties of sin-
gle crystals of PIN-PMN-PT during heating and cooling are
consistent with changes in the twin domain configurations
shown in Figures 8 and 9 for [001]. and [111]. poled states,
respectively.

@) In the stability field of the cubic phase, marked soft-
ening with falling temperature is understood in terms
of coupling of acoustic modes with local fluctuations
due to dynamical PNR’s. The temperature interval of
this softening is substantially greater than occurs
ahead of improper ferroelastic transitions in other per-
ovskites. Acoustic loss attributed to slowing down of
the PNR dynamics occurs in a temperature interval
of ~50K above T, when measured at frequencies of
~0.1-1 MHz and low applied stress.

(ii))  Cubic < rhombohedral and tetragonal < rhombohedral
transitions are marked, in particular, by abrupt changes
of acoustic loss associated with changes in the density
of ferroelastic twin walls. Unpoled crystals have strong
acoustic losses which are probably due also to contribu-
tions from mobile interfaces between static PNR’s or
between PNR’s and the matrix.

(iii)) The pattern of losses in poled PIN-PMN-PT crystals
is comparable with what is observed for twin walls in
ferroelastic perovskites, with evidence for freezing of
twin wall motion in the vicinity of 100K (at frequen-
cies in the vicinity of 0.2 MHz).

I>C

QA

T [001]

FIG. 8. Schematic polarization and
depolarization sequence for [001].-poled
crystal, with polarization directions rep-
resented by arrows.
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(iv) Evidence has been found for additional Debye-like
freezing processes at low temperatures, and the acti-
vation energy landscape for these appears to be simi-
lar to that which operates during Vogel-Fulcher
freezing of PNR’s at higher temperatures. Each of the
low temperature freezing/pinning processes contrib-
utes changes of ~4%-5% to the magnitudes of shear
elastic constants, implying that the measured elastic
properties at room temperature include substantial
softening due to extrinsic effects.

(v)  While the elastic and anelastic properties of twinned
ferroelectric crystals are dominated by conventional
effects of strain/order parameter coupling and twin
wall mobility, the influence of static, poled PNR’s
within the twinned crystals can be seen in memory
effects such that their orientation acts as a field to give
preferred orientations of macroscopic domains.

(vi) The ferroelectric transitions take place in crystals
which are heterogeneous due to the presence of static
PNR’s. Poling characteristics of the PNR’s might be
exploited as an additional means of engineering crys-
tals to have desirable acoustic loss properties. For
example, poling at different temperatures will set the
orientation of the PNR’s in a manner that is not reset
by subsequent cooling. In this context, RUS provides
a quick and effective means of characterizing the
influence of different poling and chemistry on the
mechanical quality factor Q.
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