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Abstract
Thermal depolarization in poling-induced piezoelectric materials is defined as the disappearance of remanent polarization at 
a so-called depolarization temperature. A thermally stimulated depolarization current (TSDC) measurement is most widely 
used for examining depolarization as a function of temperature. TSDC results in the literature commonly show a gradual 
reduction of polarization even below depolarization temperature (Td). However, no degradation happens when thermal heat 
treatments are conducted below Td, meaning that the apparent reduction in polarization measured by TSDC is sure to be 
an artifact. Here, we demonstrate that such artifact is unavoidable during TSDC measurements and propose a method to 
circumvent it. This strategy was manifested on TSDC data collected from a relaxor ferroelectric Pb(Mg1/3Nb2/3)O3-PbTiO3 
(PMN-PT) single crystals.

Keywords  Thermally stimulated depolarization current · Depolarization temperature · PMN-PT · Single crystal · Phase 
transformation

1  Introduction

Piezoelectric materials, which accumulate the electric 
charge with respect to applied stress or vice versa, have been 
attributed to a range of applications such as actuators, ultra-
sonics, transducers, and so on [1–3]. Starting from polycrys-
talline BaTiO3, ferroelectric-based piezoelectric ceramics 
have been developed through morphotropic phase boundary 
(MPB) composition [4–7], composite-like structure [8–10], 
textured ceramics [11, 12], and defect chemistry by doping 
with a donor or an acceptor [13–15]. Recently, relaxor fer-
roelectric single crystals such as Pb(Mg1/3Nb2/3)O3-PbTiO3 
(PMN-PT) and Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) have 
been attracted due to its high piezoelectric coefficient 

(d33 > 1500 pC/N) and electromechanical coupling factor 
(k33 > 0.90) [16–19]. For applications to the piezoelectric-
ity, the above materials require electrical poling which is 
a post-treatment to change the domain configuration from 
a randomly oriented state to aligned polarization vectors 
along a specific direction by applying an external electric 
field [20, 21]. It is commonly accepted that the ferroelec-
tric materials lose their aligned polarization state at Curie 
temperature (TC), which is a ferroelectric-to-paraelectric 
phase transformation temperature [22, 23]. In fact, thermal 
depolarization in the poled ferroelectric materials occurs at 
an elevated temperature but below TC, the so-called depo-
larization temperature (Td), due to thermal activation such 
as a structural change and a defect migration [24–26]. On 
the other hand, relaxor ferroelectrics, which exhibit a strong 
frequency dependence, have been considered to be the origin 
of thermal depolarization by a ferroelectric-to-relaxor phase 
transformation below dielectric maximum temperature (Tm) 
[27–29]. From the viewpoint of thermal stability, the operat-
ing temperature of poled piezoelectric materials can stand 
a chance to be lower than TC or Tm because the degradation 
of piezoelectricity can be designated in the vicinity of Td 
[30–33]. In this regard, understanding Td has importance 
to determine the operating temperature of piezoelectric 
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materials free from thermal fluctuation or degradation of 
the properties.

For the investigation of thermal depolarization, a 
thermally stimulated depolarization current (TSDC) 
has been measured in response to a change in the dipole 
moment from the materials as a function of temperature 
[34]. In addition, the TSDC measurement is advantageous 
to compute the remanent polarization (Pr) by integrating 
the currents with respect to time to calculate the amount of 
electric charge [35]. Even though the Pr tends to decrease 
with elevating temperature owing to the thermal activation of 
aligned domains, previous TSDC results show the reduction 
of polarization even below Td of the poled materials [36–39]. 
Moreover, the different temperature-dependent reductions 
of Pr observed in the literature make it challenging to 
conduct an accurate and detailed quantitative analysis of 
Pr in regard to temperature. Since the TSDC measurement 
collects nanoscopic signals arising from the loaded sample, 
undesired background currents can be measured below 
Td. Therefore, these currents are essential to differentiate 
between genuine signals and any artifacts that might be 
present. The distinction between them holds significance 
for analyzing the changes of the properties due to thermal 
depolarization and determining the operating temperature of 
piezoelectric materials.

Here, we investigate the thermal depolarization of 
a relaxor ferroelectric PMN-PT single crystals. Our 
approach encompasses temperature-dependent dielectric 
measurements and in  situ X-ray diffraction (XRD) to 
discover a correlation between Td and crystalline phase 
transformations. We employ thermal heat treatments in 
these materials for comparing the electrical properties after 
heat treatment below and above Td through impedance and 
polarization analyses. From TSDC data, we identify the 
small currents detected below Td to determine their nature 
whether a measurement artifact or a genuine depolarization 
signal. Since no degradation occurs when heat treatments 
are performed below Td, the apparent decrease in 
polarization measured by TSDC is clear to be an artifact. 
We demonstrate that such artifact is inevitable during 
TSDC measurements and propose a method to circumvent 
it. The results of this study will contribute to understanding 
thermal depolarization and quantitative TSDC analyses of 
piezoelectrics.

2 � Experimental

[001]-oriented rhombohedral PMN-PT single crystals 
were prepared by the vertical Bridgman method at iBULe 
Photonics Co. Ltd. (Incheon, Republic of Korea). PMN-PT 
single crystals were cut into the 4 × 4 × 0.5 mm from the 
grown crystal boule along the growth direction with gold 

electrodes which were vacuum-sputtered on the (001) plane 
to measure the electrical properties. For the engineering of 
the ferroelectric domains, conventional direct current (DC) 
poling was applied on the samples by an external electric 
field at 1 kV/mm and 25 ℃ for 1 min using a commercial 
apparatus, aixPES (aixACCT Systems GmbH, Aachen, 
Germany).

To investigate the phase transformations, the dielectric 
properties were measured using a Novocontrol broadband 
dielectric spectrometer (Novocontrol Technologies 
GmbH & Co. KG, Hundsangen, Germany) equipped 
with a temperature controller over the temperature range 
from 25 to 200 ℃ at the heating rate of 3 ℃/min. The 
measurement frequencies were 10 Hz, 100 Hz, 1 kHz, and 
10 kHz to record the frequency dependence at constant 
temperatures. The temperature-dependent crystalline phases 
were characterized by in  situ X-ray diffraction (XRD) 
(SmartLab, Rigaku Co., Tokyo, Japan) equipped with a 
high-temperature attachment using an incident beam of 
Cu-Kα (λ = 1.5406 Å) radiation. The XRD patterns were 
obtained in a step size of 0.01˚ for a 2θ scanning range of 
40–50˚ to investigate the (200) reflection of the samples. 
To characterize thermal depolarization, a heat treatment, 
i.e., heating up to a set temperature and subsequently 
cooling back to 25 ℃, was performed for a comparison of 
the heat treatment below and above Td and evaluated the 
thermally activated electrical properties. The longitudinal 
piezoelectric coefficient (d33) was measured at least 5 times 
using a commercial Berlincourt-type d33 meter (YE2730A, 
SINOCERA, Yangzhou, China). The impedance analyses of 
the thickness vibration modes were carried out to inspect the 
piezoelectric resonance and anti-resonance using a multi-
frequency LCR meter (HP 4194A, Agilent Technologies, 
Santa Clara, USA) with an Agilent 16034E test fixture. 
Capacitance and dielectric loss (tan δ) were measured using 
the LCR meter and relative dielectric permittivity (εr) was 
calculated from the recorded capacitance. The electric field-
dependent polarization and current curves were analyzed 
to investigate the poled state at a condition of ± 1 kV/mm, 
1 Hz, and 25 ℃ using the aixPES systems.

From thermally stimulated depolarization current (TSDC) 
measurement, the depolarization of PMN-PT single crystals 
was monitored as a function of temperature using a Model 
486 picoammeter (Keithley Instruments Inc., Cleveland, 
Ohio, USA) at the heating/cooling rate of 3 ℃/min. The 
measurements of depolarization current were taken at 
0.5 s intervals. Remanent polarization (Pr) was calculated 
by integrating currents in respect of time to determine the 
electric charge, i.e., Q = ∫ i(t)dt , and dividing an area of 
the samples on the assumption to be equivalent to a surface 
charge density in the case of a high relative permittivity 
[40]. In this paper, two results of temperature-dependent 
Pr (i.e., Calculated Pr and Corrected Pr) were derived from 
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the currents; before background correction using original 
data and after background correction with subtraction 
of a baseline to circumvent the measurement artifacts. 
For background correction, we generated the baseline 
corresponding to the artifacts based on the experimental 
results and fitted the depolarization current to ensure the 
reliability of the TSDC measurements.

3 � Results and discussion

The phase transformation of ferroelectric materials is 
accompanied by a peak of tan δ due to the structural sof-
tening upon the macroscopic response [21, 23]. In Fig. 1a, 
dielectric permittivity (εr) and dielectric loss (tan δ) of the 
PMN-PT single crystals were measured with increasing 
temperature to determine the phase transformation tempera-
tures. It is generally accepted that [001]-poled rhombohedral 
PMN-PT single crystals undergo twofold phase transforma-
tions from a rhombohedral to a tetragonal structure at TR-T 
and from the tetragonal to a cubic structure at TC [41–43]. 
As shown in tan δ curves, the peaks were shown at two tem-
peratures of the steepest increase, i.e., TR-T (~ 98 ℃) and TC 
(~ 130 ℃), considering these materials can be faced with 
thermally induced phase transformations. From the fre-
quency dependence, two tan δ peaks appeared at each phase 
transformation temperature regardless of the frequency, 
implying that such dielectric anomalies revealed a series of 
ferroelectric phase transformations with long-range order. 
On the other hand, Fig. 1b showed in situ XRD patterns to 
investigate the structural properties with elevating tempera-
ture. A tetragonal splitting of the (200) reflection visible by 
the narrower intensity on the low 2θ part of the diffraction 
peak rapidly appeared in the temperature range of 95–100 
˚C. The emergence of the tetragonal splitting can take place 
a structural change from the rhombohedral to the tetragonal 
crystalline phases, which provided a good agreement with 
the first tan δ peak from Fig. 1a. Notably, TR-T of [001]-poled 
rhombohedral PMN-PT single crystals has been identified 
as depolarization temperature (Td) where aligned ferroelec-
tric domains revert back to a randomly oriented polarization 
state. In that sense, Td of these materials was considered to 
be ~ 98 ℃, and the thermal depolarization was discussed on 
the basis of Td.

The heat treatment, i.e., heating up to a set tempera-
ture and subsequently cooling back to 25 ˚C, was per-
formed to investigate the thermally induced depolariza-
tion as shown in Fig. 2. The reduced temperature (T/Td) 
is defined as a heating temperature (T) divided by Td. The 
T/Td is lower than 1 when the heating temperature is lower 
than Td, and the T/Td is higher than 1 when the heating 
temperature is higher than Td. It is important to note that 
the electrical properties including piezoelectric coefficient 

(d33 ~ 1480 pC/N at 25 ℃), electromechanical coupling 
factor (kt ~ 0.54 at 25 ℃), relative dielectric permittivity 
(εr ~ 5300 at 25 ℃), and dielectric loss (tan δ ~ 0.0063 at 
25 ℃) preserved after heat treatment below Td. Given that 
the electric properties signify the ability to hold an electri-
cal charge and of charge accumulation from a mechanical 
stress, the piezoelectricity of [001]-poled PMN-PT single 
crystals was surely sustained after heat treatment below Td. 
However, the piezoelectric and dielectric properties were 
degraded after heat treatment above Td because of thermal 
depolarization. The depolarization of these materials may 
be attributed to rhombohedral-to-tetragonal phase trans-
formation in the vicinity of Td. In conclusion, the electrical 
properties of [001]-poled rhombohedral PMN-PT single 
crystals persisted up to Td, and the deterioration of piezo-
electric and dielectric activities was detected after heat 
treatment above Td.

Fig. 1   a Temperature dependence of relative dielectric permittivity 
(εr, solid line) and dielectric loss (tan δ, dashed line) of [001]-poled 
rhombohedral PMN-PT single crystals at 10 Hz, 100 Hz, 1 kHz, and 
10 kHz [TR-T =  ~ 98 ℃, TC =  ~ 130 ℃] and b in situ X-ray diffraction 
(XRD) analyses of the (200) reflection for temperatures ranging from 
70 to 120 ℃
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In Fig. 3, electromechanical impedance analyses were 
performed using [001]-poled PMN-PT single crystals to 
characterize how the poled state of the samples was changed 
according to the heat treatment. The samples were measured 
by the thickness vibration modes to investigate the resonance 
and anti-resonance modes at the frequency range from 3.5 to 
5.0 MHz. It is notable that the identical frequencies of reso-
nance (fr ~ 3.88 MHz) and anti-resonance (fa ~ 4.63 MHz) 
mode were detected in Fig. 3a and b, implying that both have 
an equivalent electromechanical coupling factor (kt ~ 0.54) 
which is certainly relevant to the degree of poling. Further-
more, the phase angle was each similar as shown in Fig. 3a 
and b where the highest theta values were found to be 77.3˚ 
and 77.1˚, respectively, though some satellite peaks were 
observed on the spectra for the thickness vibration mode. On 
the other hand, Fig. 3c showed the obvious depolarization of 
piezoelectric single crystals owing to the degradation of the 
electromechanical coupling factor (kt ~ 0.32). In addition, fr 
was equivalent after heat treatment above Td which indicated 
the identical elastic compliance, density, and dimension of 
the specimens regardless of the depolarization. However, 

fa was notably decreased since the depolarization probably 
decreased the longitudinal piezoelectric coefficient (d33) and 
dielectric permittivity (ε33). To conclude, the electrome-
chanical properties for [001]-poled rhombohedral PMN-PT 
single crystals were maintained after heat treatment below 
Td, whereas they were degraded after heat treatment above 
Td due to thermal depolarization.

Fig. 2   Electrical properties of [001]-poled rhombohedral PMN-PT 
single crystals after heat treatment including piezoelectric coefficient 
(d33), electromechanical coupling factor (kt), relative dielectric per-
mittivity (εr) at 1 kHz, and dielectric loss (tan δ) at 1 kHz

Fig. 3   Impedance and phase angle spectra for [001]-poled rhom-
bohedral PMN-PT single crystals of the thickness vibration modes; 
a before heat treatment, b after heat treatment below Td, and c after 
heat treatment above Td
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Polarization and switching current were measured by 
an external electric field to investigate how the heat treat-
ment affects the ferroelectric properties of [001]-poled 
PMN-PT single crystals as shown in Fig. 4. It is noticeable 
that Fig. 4a and b indicated no current peak in the posi-
tive range of the electric field. In addition, they exhibited 
similar remanent polarization (Pr) in which the Pr of Fig. 4a 
and b showed 23.9 μC/cm2 and 23.8 μC/cm2, respectively, 
implying there was no depolarization after heat treatment 

below Td. During the reverse cycle of the electric field, the 
electric field-dependent current peak at a negative coercive 
field (EC) indicates the ferroelectric domain switching along 
the reverse direction. It is notable that a polarization rever-
sal occurred at EC in both Fig. 4a (EC ~ -0.39 kV/mm) and 
Fig. 4b (EC ~ -0.29 kV/mm). Given the observed changes in 
negative EC and current peak intensity, thermal activation 
might induce variations in the ferroelectric domain configu-
ration. Nonetheless, it was clarified that the depolarization 
was not detected after heat treatment below Td, consider-
ing similar Pr and no current peak in the range of positive 
electric field. It is expected that the macroscopic long-range 
order of [001]-poled rhombohedral PMN-PT single crystals 
would not collapse below Td. On the other hand, Fig. 4c 
showed a current peak in the positive range of the electric 
field and Pr was decreased to 13.0 μC/cm2 owing to thermal 
depolarization. During the reverse cycle in the negative elec-
tric field, two separate peaks were revealed in the switch-
ing current and the negative EC was decreased to -0.24 kV/
mm. It is anticipated that the earlier peak was related to the 
transformation of the ferroelectric-relaxor state, and the later 
peak resulted from the creation of long-range order along 
the opposite direction [27, 44, 45]. Even though Fig. 4b also 
showed the peak splitting of the switching current, there was 
no decrease out of Pr. The probable reason is relaxor-PT 
single crystals have both relaxor and normal ferroelectric 
characteristics with electrically induced long-range ferro-
electric order [46–48]. During heat treatment, polar nanore-
gions (PNRs) of nanosized domains might fluctuate even 
below Td because of their smaller domain size compared to 
larger ferroelectric domains. Therefore, relaxor-PT single 
crystals with poled state, i.e., electric field-induced ferro-
electric state, could show peak splitting of switching current 
by thermal activation of nano-domains.

In Fig. 5, the TSDC results of [001]-poled rhombohedral 
PMN-PT single crystals indicated the current and Pr as a 
function of temperature. Since the spontaneous polarization 
was reoriented and began to lose its net alignment at a cur-
rent peak, the thermal depolarization of these materials can 
be investigated. Figure 5a indicated the two steepest peaks in 
the vicinity of TR-T and TC, which were found to be the first 
Td and the second Td, respectively. In the case above TC, the 
materials were fully depolarized with no polarization state 
due to the ferroelectric-to-paraelectric phase transformation. 
Moreover, the depolarization current peak was not detected 
during cooling because there was no driving force for the 
alignment of ferroelectric domains along any specific direc-
tion. From the inset in Fig. 5a, it is interesting to note that 
small currents were detected below the first Td and gradually 
increased during heating. On the other hand, remanent polar-
ization (Pr) was obtained by integrating currents with respect 
to time as shown in Fig. 5b. In calculated Pr (black line), the 
polarization showed a gradual reduction below the first Td 

Fig. 4   Polarization vs. electric field (P-E) and current vs. electric field 
(I-E) curves for [001]-poled rhombohedral PMN-PT single crystals 
without pre-polarization; a before heat treatment, b after heat treat-
ment below Td, and c after heat treatment above Td
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originating from the small currents, and the depolarization 
seems to begin even at 20 ˚C. However, the small currents 
could be a measurement artifact based on the results that 
there was no degradation of the electrical properties after 
heat treatment below the first Td. This phenomenon might 
be attributed to the reversible contribution of ferroelectric 
domains or fluctuation of PNRs, resulting in electrical sig-
nals while preserving the macroscopic long-range domain 
configuration, which is consistent with Fig. 4. In corrected Pr 
(yellow line), the polarization persisted up to the first Td via 
a background correction and suddenly reduced in the vicin-
ity of the first Td. It is expected that the macroscopic long-
range order of [001]-poled rhombohedral PMN-PT single 
crystals would not break in the absence of the phase trans-
formation below TR-T. Therefore, the background correction 
can be suggested to circumvent such artifact for understand-
ing thermal depolarization and quantitative TSDC measure-
ments of piezoelectric materials.

4 � Conclusion

Thermal depolarization of [001]-poled rhombohedral 
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) single crystals was 
investigated via heat treatment below and above Td. Rhom-
bohedral-to-tetragonal phase transformation temperature 
(TR-T) was found to be ~ 98 ℃, which was selected for depo-
larization temperature (Td), and Curie temperature (TC) was 
determined to be ~ 130 ℃. After heat treatment below Td, 
electrical properties remained identically to appear in turn 
longitudinal piezoelectric coefficient (d33 ~ 1480 pC/N), 
electromechanical coupling factor (kt ~ 0.54), dielectric 
permittivity (εr ~ 5300), dielectric loss (tan δ ~ 0.0063), 
and remanent polarization (Pr ~ 23.8 μC/cm2), whereas the 
degree of poling was notably degraded after heat treatment 
above Td owing to thermal depolarization in the vicinity 
of Td. From a thermally stimulated depolarization current 
(TSDC) measurement, small currents were detected below 
Td and gradually increased as approached Td. However, the 
small currents could be a measurement artifact since there 

was no decay of the electrical properties after heat treatment 
below Td. It is expected that the macroscopic long-range 
ferroelectric order would be preserved without the rhombo-
hedral-to-tetragonal phase transformation. Taken together, a 
background correction is proposed to circumvent the meas-
urement artifact for understanding thermal depolarization 
and quantitative TSDC analyses of piezoelectric materials.
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