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ABSTRACT

Thermal stabilities of relaxor-PbTiO3 single crystals are of great importance due to their limited
operational temperatures in devices. Herein, to elucidate how poling conditions influence thermal
stabilities, we investigated direct current (DC) and alternating current (AC) poled Pb(Mg1,3Nby/3)O03-
0.29PbTiO3 (PMN-29PT) crystals grown by solid-state crystal growth, which guarantees more com-
positional uniformity. Our experiments show that the dielectric permittivity of the DC and AC poled
crystals are 3560 and 4970, respectively, after annealing at 99.6°C, implying AC-poling prevails in
enhancing thermal stabilities of relaxor-PbTiO3 single crystals. The mechanism behind the dissimilar
thermal stabilities can be attributed to different domain configurations.
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1. Introduction

Piezoelectric materials that convert mechanical energy
into electrical energy and vice versa have been widely
used as actuators and transducers for plenty of elec-
tromechanical devices [1,2]. Specifically, the devel-
opments of relaxor-PbTiO3 (PT) single crystals, e.g.
Pb(Zn1/3Nb2/3)O3—PbTiO3 (PZN—PT) and Pb(Mg1/3—
Nb,/3)O03-PbTiO3 (PMN-PT), have achieved splendid
performances for state-of-the-art applications [3,4]. With
the growth of Sm-doped PMN-PT single crystals, piezo-
electric materials have been enhanced to obtain large
electric field-induced responses [5]. However, fatal draw-
backs, i.e. deteriorated stabilities against external stim-
uli such as temperatures and electric field, arise in spite
of their exceptionally high piezoelectric and dielectric
properties at a room temperature. As a result, many
researchers have improved the operational temperature

(so-called depolarization temperature, Tq) of relaxor-PT
single crystals by either designing ternary solid-solution
systems or incorporating dopants into single crystals
[6,7]. Nevertheless, the trade-off between enhancing
piezoelectricity and improving thermal stabilities has
hampered their versatile applications [8-10]. Therefore,
to meet increasing demands on relaxor-PT single crys-
tals, feasible alternatives for enhancing both piezoelec-
tricity and thermal stability should be studied.

High piezoelectricity of ferroelectric-based piezoelec-
tric materials is only active when ferroelectric domains
are aligned by applying electric fields (poling) [11,12].
Otherwise, ferroelectric domains tend to be randomly
oriented and thus cancel out net macroscopic piezoelec-
tricity. However, it is well accepted that poled domain
configurations are rearranged when a temperature passes
through phase transformation temperatures (depoling)
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[13,14]. That is why thermal stability is just as signifi-
cant as the improvement of piezoelectric and dielectric
properties, especially for practical applications, given that
self-heating under operations is unavoidable and depo-
larizes crystals, thus causing malfunction in fabricated
devices [15].

So far, in the case of relaxor-PT single crystals, it
is commonly accepted that rhombohedral-to-tetragonal
transformation temperatures (Tr_T) are considered to be
equivalent to Tq [13,14]. However, it should be noted that
a discrepancy between a phase transformation tempera-
ture obtained from temperature-dependent permittivity
and actual T4 deserves more investigation. Anton et al.
claimed that the inflection points of the real part of per-
mittivity, or the peaks in dielectric loss, are fairly devi-
ated from Ty determined by a rapid drop in remanent
polarization [16]. In fact, an electric current associated
with the depolarization of relaxor-PT single crystals is
actually detected away from their phase transformation
temperature [17]. In addition, the difference between
these temperatures is considerably dependent on the
type of long-ranged ferroelectric order, and even elec-
tric fields applied in a poling direction shift the depo-
larization temperature of piezoelectric materials due to
changes in crystallographic symmetries [18]. On the
basis of these supportive references, T4 should be orig-
inated from complex reasons in that depolarization is
highly correlated with long-ranged ferroelectric order or
macroscopic domain configurations [19]. Therefore, in
order to explore correlations between domain structures
and thermal stabilities, we adopted a domain engineer-
ing approach to overcome the aforementioned reliability
issues.

Since demonstrations by Yamamoto et al and
Yamashita et al. [20,21], alternating current (AC) pol-
ing as a domain engineering method has been actively
featured owing to its further enhanced piezoelectric and
dielectric properties compared to its conventional direct
current (DC) counterpart. It is generally accepted that
the piezoelectric and dielectric properties of relaxor-PT
single crystals can be improved from 20 to 100% by
performing AC-poling [22]. In the case of AC-poled
PMN-PT single crystals, their piezoelectric and dielec-
tric permittivity are enhanced to 2800 pC/N (4-80%)
and 8550 (4-55%), respectively, when compared to their
optimized DC-poled properties [20,21]. So far, condi-
tions for AC-poling have been considerably optimized
with respect to various parameters [23-34]. Even though
the domain size dependence of piezoelectricity asso-
ciated with AC-poling still remains unsolved [35], its
origins have been attributed to the formation of stripe-
like 109° domains parallel to electrodes [28,36]. Given
that DC-poling leads to the formation of both 71° and

109° domains consisting of crystallographic rhombohe-
dral phases [36], the depolarization behaviors of DC-
poled crystals should be dissimilar to that of AC-poled
crystals in which only 109° domains comprised of mixed
rhombohedral and monoclinic phases exist [28]. Such
argument was well manifested by a thermally stimulated
depolarization current (TSDC) which is an insightful
technique to track the presence of ferroelectric sym-
metries [37]. However, how piezoelectric and dielectric
properties of AC-poled crystals are really degraded by
thermal annealing has not been studied yet. In this work,
we present comparative experiments with the aim of
showing how the properties of DC- and AC-poled crys-
tals grown by a solid-state crystal growth (SSCG) method
persist against annealing temperatures. Compared to the
DC-poled crystals, the AC-poled crystals possess a bet-
ter thermal stability given that the averaged €”33/€q of
the AC-poled crystals (4970) is 1.4 times higher than
that of the DC-poled crystals (3560) after annealing at
99.6°C. A feasible explanation for the dissimilar thermal
stabilities is differences in domain configurations con-
firmed by a piezoresponse force microscopy (PFM). It
is commonly accepted that domain configurations are
highly correlated with thermal stabilities of ferroelec-
tric materials [19,30,38,39]. In this regard, non-uniform
domain configurations of DC-poled crystals (71° + 109°
domains) likely have worse thermal stabilities than uni-
form domain configurations of AC-poled crystals (109°
domains) due to their more randomly distributed depo-
larization fields originated from an incomplete compen-
sation of bound charges at domain walls [40]. We sug-
gest that not only phase transformation temperatures but
also domain configurations may contribute to the ther-
mal stabilities of relaxor-PT single crystals. We hope this
work gives insight towards understanding correlations
between domain structures and thermal stabilities.

2. Experimental methods

(001)- oriented Pb(Mgj,3Nb;/3)03-0.29PbTiO; (PMN-
29PT) single crystals were grown by a SSCG method by
Ceracomp Co. Ltd. (Cheonan, Republic of Korea). The
detail growth method can be found in the following lit-
erature [41]. To ensure repeatability, at least 4 different
single crystals were prepared and tested for each anneal-
ing temperature. The crystals were cut into the k; mode
(3 x 3 x 0.205¢t mm?®) with electrodes sputtered on the
(001) planes of the single crystals to measure electrical
properties. Poling was performed in a silicon oil-bathed
customized fixture at a room temperature to avoid electri-
cal breakdown or an electric shortcut. Before the poling,
the crystals were always annealed at 250°C for 15 min
to eliminate any previous poling states. The DC-poling



MATER. RES. LETT. (&) 385

1. Poling —— 2. Depoling
% DC-poling Poling Annealing
= (DCP or ACP) temperature, T
1
‘;’ o ! Annealing A
© S \ time, t
Q9 © ! e
m _ 5 | |
Time g— ! Stage
o ! cooling
- |
Measurement at R.T.
8 o] . (d, £, impedance)
o AC-poling Time
(==
O
‘= . .
s /\ A /\ Heating rate: 3 °C / min
(V]
w Annealing temperature (T):
Time 66.4, 74.7, 83, 91.3,
99.6, 107.9, 116.2, 124.5 °C
Annealing time (f): 600 s

Figure 1. Schematic illustrations of the poling and depoling procedures in the current work.

was conducted by applying electric field of 10 kV/cm
for 300s. The AC-poling was performed using bi-polar
triangle signals generated and amplified by a function
generator (Agilent 332504, Santa Clara, CA, USA) and a
high-voltage amplifier (Trek, 609B, New York, NY, USA),
respectively. A peak-to-peak electric field of 20 kV,p/cm,
energetically equivalent to 5.87 kVyys/cm, was induced
with 20 cycles at 1 Hz. As depicted in Figure 1, the
annealing (depoling) processes were performed within
a precise temperature controller (LTS420, Linkam, UK).
A temperature was elevated up to annealing tempera-
tures (T = 66.4, 74.7, 83.0, 91.3, 99.6, 107.9, 116.2, and
124.5°C) with a heating rate of 3°C/min and then main-
tained for 600 s. After the heating, cooling down to
room temperature was performed inside the tempera-
ture controller before measurements. During the cooling,
a heating element was immediately turned off without
opening the stage. After cooling down to 25°C, piezo-
electric coefficient (d33) and free dielectric permittivity
(eT33/€() were obtained by a quasi-static piezo d33 meter
(Model ZJ-4B, Chinese Academy of Science, China) and
multi-frequency LCR meter (Agilent 4294A, Santa Clara,
CA, USA) at 1kHz, respectively. The impedance spec-
tra of k; mode (8.5 MHz to 11.5 MHz) were also mea-
sured using the same LCR meter at a room temperature.
Dielectric spectra were measured as a function of tem-
peratures using a customized furnace with an impedance
analyzer (HP4192A, Agilent, USA). To characterize the
domain configurations of the crystals after the poling,
their freshly fractured (010) surfaces of the crystals were

scanned using a piezoresponse force microscopy (PFM)
(Dimension Icon, Bruker, Santa Barbara, CA, USA).

3. Results and discussion

A readily-conducted approach to evaluating the depo-
larization temperature of given crystals has been the
identification of phase transformation temperatures from
temperature-dependent dielectric permittivity. To deter-
mine phase transformation temperatures, the dielectric
permittivity and loss of DC- and AC- poled PMN-PT
single crystals were measured as a function of temper-
atures (Figure 2). Here, only one peak (81.4°C) was
observed in the case of the DC-poled crystals before
their Ty, (120.1°C), at which the maximum permittivity
was detected. On the other hand, two peaks can be dis-
cerned at 71.3°C and 77.9°C before their Ty, (121.0°C)
for the AC-poled crystals. In contrast to the similar-
ity in their T, the AC-poled crystals exhibit relatively
sharper peaks than the DC-poled crystals wherein the
plateau-like peak was found. On the basis of publica-
tions regarding the phase diagram [42] and structural
analyses [28,43] of PMN-PT single crystals, their ther-
mal evolution are investigated. It is commonly accepted
that AC-poling partially induces a monoclinic phase (M)
from an initial rhombohedral phase (R) [28,43]. There-
fore, its crystallographic symmetry at the room tem-
perature should be M+ R. At the first peak (71.3°C),
some tetragonal phases begin to evolve from the ini-
tial phase coexistence state (M +R — M+ R+ T) [28].
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Figure 2. Temperature-dependent dielectric spectra of (a) DC-poled and (b) AC-poled PMN-PT single crystals with respect to measure-

ment frequencies.

Then, all ferroelectric phases are completely transformed
into tetragonal phases at the second peak (77.9°C). The
last peak corresponds to Ty, at which all ferroelectric
phases tend to be transformed to paraelectric phases
(cubic). On the other hand, the initial rhombohedral
phases of the DC-poled crystals are transformed to
tetragonal phases and cubic phases at the first (81.4°C)
and second (120.1°C) peak, respectively [28,43]. These
phase transformation temperatures in the temperature-
dependent dielectric permittivity have been recognized
as their depolarization temperatures according to the
conventional idea. In this sense, the depolarization tem-
perature of the AC-poled crystals, at least, is considered
to be lower than that of the DC-poled samples, which
makes AC-poling worse than DC-poling in terms of ther-
mal stability.

To verify the commonly-accepted belief above, actual
thermal stabilities were studied by investigating how
annealing temperatures indeed impact the properties of
the crystals. We applied electric fields to the crystals (pol-
ing) and then annealed at specific temperatures (depol-
ing) to evaluate degraded piezoelectric and dielectric
properties, which is certainly indicative of how crys-
tals are really depoled. Figure 3 shows the piezoelec-
tric coeflicient and dielectric permittivity measured at
25°C of the annealed crystals. To assess how the prop-
erties vary as a function of the annealing temperatures,
the piezoelectric coefficient and dielectric permittivity
of the DC and AC poled crystals were optimized as
a reference point before annealing crystals. The opti-
mized properties of DC-poled crystals were determined
when properties were saturated as poling electric field
and time increase (10 kV/cm for 300 s). For AC-poled
crystals, the optimized properties were achieved when

enhancements by AC-poling were fully saturated. Given
that property enhancements are proportional to cycle
numbers [28], optimized properties were realized with
20 cycles of peak-to-peak 20kV/cm at 1 Hz. Compared
to the DC-poled counterparts, the optimum piezoelectric
coefficient and dielectric permittivity of the AC-poled
crystals were enhanced to 1760 pC/N (4 15.8%) and 7150
(4+ 13.1%), respectively. The initial properties after the
poling are denoted in the upper side of the figures for
better comparisons. Though a slight drop in the prop-
erties of the AC-poled crystals was detected at 74.7°C
near which the phase transformations happen as shown
in Figure 2(b), their properties were not fully degraded
up to 91.3°C, indicating that depolarizations did not arise
significantly. However, it should be noted that substan-
tial decreases in the properties of the AC-poled crystals
were rapidly initiated at 99.6°C, while the properties of
the DC-poled crystals began to be partially degraded
at 83.0°C. Before annealing temperatures above Ty, the
properties of the DC-poled crystals annealed at 99.6°C
were already close to the completely depoled properties
which indicate the properties obtained at annealing tem-
peratures above Ty,, whereas the averaged properties of
the AC-poled crystals were not fully deteriorated up to
116.2°C. After annealing at temperatures above Ty, both
crystals were completely depoled in that resonance and
anti-resonance frequencies in the impedance spectra had
totally vanished (Figure 4).

Consequently, the AC-poled crystals certainly possess
better thermal stabilities in comparison with the DC-
poled crystals. It draws us to the initial question of how
actual operational temperatures are indeed deviated from
phase transformation temperatures. It is interesting to
note the actual degradations of the DC-poled crystals
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were initiated at 83.0°C, which is close to the phase
transformation temperature (81.4°C) of the temperature-
dependent permittivity (Figure 1(a)). It is well-consistent
with the common belief in the case of the DC-poled
crystals. However, a notable discrepancy was found
for the AC-poled crystals: the temperature at which
the substantial degradations in the properties occurred
(91.3-99.6°C) is much higher than the phase transforma-
tion temperatures, i.e. 71.3°C or 77.9°C, though the par-
tial deterioration was also detected at these temperatures.
It implies other factors including domain configurations
likely influence the thermal stabilities of relaxor-PT sin-
gle crystals.

How poled crystals are truly depolarized can be esti-
mated by thickness vibration modes (k;), which are
certainly relevant to the degree of electromechanical cou-
pling. Figure 4 presents the impedance spectra of the DC

and AC-poled crystals in the vicinity of their fundamen-
tal k; mode represented by resonance and anti-resonance
frequencies. Consistent with the previous plots, the k¢
mode of the DC-poled crystals gradually diminished
and almost disappeared when the annealing temperature
passed through Tp,. On the other hand, no distinctive
variations in the impedance profiles were observed up
to the annealing temperature of 91.3°C for the AC-poled
crystals, indicating the preservation of their domain con-
figurations to some extent. Subsequently, depoling was
rapidly initiated between 91.3°C and 99.6°C. This phe-
nomenon also indicates that the thermal stability of the
AC-poled crystals is better than that of the DC-poled
crystals.

On the basis of the results above, it is noted that the
thermal stabilities of DC- and AC-poled crystals are dis-
similar. Being supported by the depolarization current
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Figure 5. Optical microscopy images for freshly-fractured surfaces of the (a) DC-poled and (d) AC-poled single crystals. Vertical
piezoresponse force microscopy (V-PFM) images for the fractured surfaces of the (b) (c) DC-poled and (e) (f) AC-poled crystals.

results of the following literature [37], DC-poled crys-
tals show thermal depolarization over a relatively wider
range of temperatures than AC-poled crystals in that the
gradual losses of the piezoelectric and dielectric proper-
ties emanated. Given that such step-like depolarization
is believed to be relevant to the coexistence of multiple
phases or domains [18,44,45], the coexistence of 71° and
109° domains in DC-poled crystals well supports these
claims. On the other hand, it is generally accepted that
the domains of AC-poled samples are only composed of
periodically-aligned 109° domains parallel to their elec-
trode. This is why the sharper depolarization current and
substantial loss of piezoelectric and dielectric properties
emanated for the AC-poled crystals [37]. To support the
assumptions above, the PFM was used to observe the
domain patterns of ferroelectric materials. The contrast
in PEM images is associated with how domains are dis-
tributed in terms of their polarization direction. Figure
5 provides optical microscopy images and their PFM
results of fractured surfaces (010) for the DC- and AC-
poled crystals. It is interesting to note that the stripe-like
domains of the AC-poled crystals can be apparently dis-
cerned even in the optical microscopy image, whereas
the non-uniform morphologies containing 71° and 109°
domains were observed in the case of the DC-poled crys-
tals. It is well consistent with our assumption, i.e. the sin-
gle type of uniform domains is responsible for the rapider
depolarization behaviors of the AC-poled crystals. On
the other hand, the broader features of the DC-poled
crystals are likely attributed to the non-uniformity of
71° and 109° domains. Furthermore, one can expect that

non-uniform domain configurations have worse ther-
mal stabilities due to their more randomly distributed
depolarization fields coming from an incomplete com-
pensation of bound charges at domain walls [31]. Such
argument is well supported by the fact that the thermal
stability of a short-ranged relaxor state in non-ergodic
relaxor are lower than that of a long-ranged field-induced
ferroelectric state [10]. Therefore, it should be noted
that not only phase transformation temperatures but also
domain configurations are highly associated with the
thermal stability of relaxor-PT single crystals. We also
investigated the thermal stabilities of crystals prepared by
other growth techniques. Except for crystals grown by a
continuous-feeding Bridgman method (CF-BM) which
guarantees more compositional uniformity [46], most
crystals did not always show similar results obtained in
this work. We carefully deduce that compositional uni-
formity should be at least assured to obtain dissimilar
thermal stabilities depending on poling conditions. Fur-
ther studies are required to verify our hypothesis.

4. Conclusions

To revisit how the actual operational temperature of
relaxor-PT crystals is truly deviated from symmetry-
changing transitions in temperature-dependent permit-
tivity, we conducted the comparative experiments on the
thermal stability of the DC- and AC-poled crystals grown
by the SSCG method where compositional uniformity is
more guaranteed. With the measured impedance spec-
tra of the thickness mode samples, we found that the



AC-poled crystals have better thermal stabilities than the
DC-poled crystals, though the commonly accepted oper-
ational temperature of the AC-poled crystals is less than
that of the DC-poled crystals. The dielectric permittiv-
ity of the AC-poled crystals (4,970) is 1.4 times higher
than that of the DC-poled crystals (3,560) after anneal-
ing at 99.6°C. Given that the dielectric permittivity of
unpoled crystals is 2,990, AC-poling has an advantage
in improving the thermal stabilities of relaxor-PT single
crystals. We believe that such dissimilar thermal stabil-
ities are originated from not only phase transformation
temperatures but also domain configurations.
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