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Abstract

Poling of hard ferroelectric ceramics is not an easy process. Pinning of domain walls due to defects prevents the material to be switched by
moderate conditions of poling. In this paper, we try to explore a way to facilitate the poling process by defeating the counteracting defects in
lead zirconate titanate (PZT). We focus on the structural and electrical effects that enhance the domain mobility, as reflected by hysteresis loops.
Increased mobility leads to depinched hysteresis loops and consequently to easier poling and eventually to better piezoelectric properties. Different
poling conditions were applied to ceramic samples sintered at different temperatures before and after hysteresis depinching. Dielectric parameters
were measured after each poling state. The results showed that the hard ceramic can be efficiently polarized only after domain depinning, which

can be done by various methods.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Domain walls in ferroelectrics are boundaries that separate
domains polarized in different directions.! In soft ferro-
electric ceramics, the domain walls move irreversibly in a
semi-continuous way (yielding normal hysteresis loops). Hard
materials are usually characterized by biased and/or pinched
hysteresis loops because the domain walls are clamped and per-
form reversible movements around equilibrium configurations
meanwhile discretely jumping from one configuration to another
given sufficient energy. These equilibrium configurations are
attributed to crystal lattice defects that act as pinning centres for
the domain walls.

As is well known, a ferroelectric ceramic gets its useful
piezoelectric properties by applying adequate poling conditions.
Consequently, the piezoelectric properties are greatly dependent
on the poling conditions.>® It has been verified that there is
a direct dependence between the dielectric and piezoelectric
properties and the degree of domain orientation set by poling
conditions.”13
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Poling of hard ferroelectric ceramics is not an easy pro-
cess. Pinning of domain walls due to defects prevents the
material to be switched by moderate poling conditions.'®
Unfortunately, literature on poling of hard ceramics is scarce.
However, several authors!725 have discussed the defects in
hard ceramics (e.g. lead zirconate titanate (PZT)) which are
believed to be responsible for the difficult poling of these mate-
rials.

In the present work, we try to explore a way to facilitate the
poling process by defeating the counteracting defects. Acceptor
dopants for Pb>*(Zr**, Ti**)O3 such as Fe3* ions are compen-
sated by oxygen vacancies. During sintering the (effectively
negative) dopant ion (Fe’Zr’Ti) and (effectively positive) oxygen
vacancy (Vp**) form a defect-dipole (Fe/Zr,Ti_VO..)' However,
the oxygen vacancies are still movable below the Curie tem-
perature (i.e. at room temperature) because an oxygen ion and
an oxygen vacancy are only 2.8 A apart and hopping easily
occurs.?? The orientation of defect-dipoles thus takes place via
oxygen vacancy diffusion.?” This diffusion leads to domain wall
immobility and eventually a constricted hysteresis loops, low
dielectric constant, low dielectric loss, low piezoelectric cou-
pling factor and consequently acceptor doped PZT (or hard PZT
as it is commonly named) are very difficult to polarize.!” In the
following, the models suggested for the role of defects in hard
ferroelectric ceramics will be summarized.
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1.1. Models of domain wall stabilization

Lambeck and Jonker?® showed that reorientation of defect-
dipoles is expected to be responsible for domain stabilization.
A perovskite lattice cell containing such defect-dipoles
may remain paraelectric even if all neighbouring cells are
ferroelectric.'® In the paraelectric phase the oxygen vacancy
may jump by thermal activation to the energetically equivalent
neighbouring oxygen sites of the lattice cell, thus changing the
orientation of the electric moment of the defect-dipole. Upon
cooling from the paraelectric phase to the ferroelectric phase a
spontaneous polarization Pg is established. The energy of the
various orientations of the defect-dipoles then becomes differ-
ent.

If the lattice has a polarization direction in the +Z-direction,
three possible positions of the oxygen vacancy with three dif-
ferent energy levels are expected. If a transition takes place to a
lower energy site, the oxygen vacancies may contribute to ageing
of the ceramic.!® Ageing is defined as the spontaneous change
of a property with time under zero external stress and isothermal
conditions.”!

Many authors investigated the ageing behaviour and several
plausible models have been developed to interpret this phe-
nomenon. A quantitative theory about ageing is, however, not
yet put forward. Most of the models are of a qualitative nature.

Carl and Hardtl?? classified the mechanisms that may be
responsible for the occurrence of domain wall stabilization in

ferroelectric ceramics in three categories 2%:

(i) Volume effect. Ceramics always contain defects, intentional
(i.e. doping) or unintentional (i.e. impurities), in the form of
foreign atoms or vacancies. These defects can occupy ener-
getically preferred sites in the lattice and favour a certain
direction for the spontaneous polarization revealing itself
experimentally as an internal bias.

(i) Domain effect. This effect is also due to defects, which dif-
fuse in the course of time into the domain walls and fix their
position. The driving forces may be elastic (neutralization
of internal stresses) or electric (compensation of electric
charges, e.g. by valence changes of the foreign atoms).

(iii) Grain boundary effect. Several ferroelectric ceramics con-
tain a secondary phase along the grain boundaries and/or
on the triple points. Second phases lead to surface charges
at the grain boundaries, which stabilize the domain con-
figurations once these are established. During ageing the
individual crystallite is biased by an overall preferred direc-
tion of polarization, but the individual domain walls remain
mobile.

Robels and Arlt 23 showed that the ageing of the material
with time corresponds to an increasing shift of the hystere-
sis loop along the E-axis. This shift is called the internal bias
field E;. The internal field in acceptor doped ceramics can be
explained quantitatively'® by oriented defect-dipoles. Domain
clamping by orientation of defect-dipoles, according to Robels
and Arlt,2? occurs because a build up of E; in time is realized
by a slow relaxation of the defect-dipoles, which leads, in turn,

to an increasing shift of the hysteresis loop along the E-axis.
Therefore, the contribution of domain walls to the dielectric and
piezoelectric properties should be decreasing with increasing
orientation of the defects.?!->2

In this paper, we focus on the structural and electrical effects
that enhance the domain mobility, as reflected by hysteresis
loops, that lead to depinched hysteresis loops and consequently
to easier poling and eventually to better piezoelectric perfor-
mance.

2. Experimental
2.1. Material

Modified PZT ((Pb1_0.94Sr0.06) (Feo.008 ZrxTi1—x—0.008) O3)
ceramic powder, near the morphotropic phase boundary, coded
PXEA43, was provided by Morgan Electro Ceramics B.V. Eind-
hoven, The Netherlands. The powder was pressed into bars of at
least 15 mm in diameter and sintered at different temperatures
(1150-1300 °C) in a tube furnace with flowing oxygen. The bars
were heated from room temperature to the desired temperature
in 8h, held at this temperature for 4h and then cooled down
to room temperature in 8 h. The sintered bars were diced into
discs of 10 mm in diameter. Next, the discs were subjected to
clean-firing at 700 °C for 48 h, cleaned in methanol in an ultra-
sonic bath for 2 min, washed in water and soap and dried in
air. Finally, the discs were electroded with Ni by sputtering for
electrical measurements.

The microstructure of the as-prepared samples was inves-
tigated using optical as well as scanning electron microscopy
(JEOL, JSM 840A, Japan). The grain size dys was measured
as a function of the sintering temperature using the mean
linear intercept as grain size measure counting about 100
grains.

2.2. Hysteresis loop

Hysteresis loops were observed using a computer-controlled
virtual ground method (Radiant Technologies Inc., RT6000
HVA-z 2000 V amplifier and RT6000 HVS-z high voltage input
test system) using the fast mode (0.4 ms) at different temper-
atures (RT-105 °C). The maximum applied electric field was
50kV/cm. Silicone oil (Wacker Silicone Fluid, AP 150) was
used as an insulating medium during the measurements. The
loops were not completely closed due to the non-switchable
polarization.3%-32

2.3. Poling

As-prepared and aged samples were poled at different tem-
peratures (70, 90, 100 °C). The poling electric field was kept
constant over the whole poling process at 30 kV/cm. The sam-
ple is heated up to the desired temperature in the silicone oil
bath under application of the electric field. The field increases
at a constant rate of 10 V/s until it reaches 30kV/cm. Then
the sample is held under these conditions for 10 min. During
the last minute the sample is cooled down, with the field still
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Fig. 1. SEM micrographs of Fe doped PZT samples sintered at: (1) 1150°C, (2) 1175°C, (3) 1200°C, (4) 1225°C, (5) 1250°C, (6) 1275°C, (7) 1300°C.

applied, to room temperature where after the electric field is
removed.

2.4. Dielectric, piezoelectric and pyroelectric properties

The dielectric and piezoelectric parameters (&, tan 8, kp, k33,
kefr) of poled and (g, tan §) of non-poled samples were mea-
sured using a HP4294A Precision Impedance Analyzer at 1 kHz
in the temperature range from room temperature up to 400 °C.
The pyroelectric measurements were carried out using the direct
method.3! The setup used is described elsewhere.’

3. Results
3.1. Microstructure

Fig. 1(1-7) depicts the micrographs of the nonpoled samples.
Table 1 shows the variation of the density and grain size with
sintering temperature. The compacts showed a high densifica-
tion at a sintering temperature above 1200 °C reaching a very
dense structure at 1300 °C. However, there is not a significant
variation in grain size because the grain growth is inhibited due
to the acceptor doping.!” The average grain size ranges from
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Table 1
Sintering temperature and the corresponding resulting densities

Sample Sintering Grain size Density (pexp)  Pexp/Pth (%)
name temperature (°C)  (pwm) (g/crn3)

(D 1150 a 6.48 82.65

2) 1175 a 6.78 86.47

3) 1200 0.91 7.13 90.94

4) 1225 1.00 7.35 93.75

(®)] 1250 1.34 7.59 96.81

(6) 1275 1.49 7.80 99.11

7 1300 1.70 7.82 99.74

2 Due to the porous structure, the grain size could not be determined.

0.9 wm for 1200°C to 1.7 wm for 1300 °C. The samples sin-
tered at lower temperature showed a porous structure, so that
the grain size could not even be determined properly.

3.2. Hysteresis loops after ageing

Fig. 2 shows the hysteresis loops of an aged sample at room
temperature. A double hysteresis loop is the common char-
acteristic of all samples. At room temperature the loops are
constricted even at 50 kV/cm. Double (pinched) hysteresis loops
are attributed to a reversible movement of domain walls as they
are electrically and/or elastically® pinned by defects.

3.3. Poling effect after ageing

The dielectric constant &, dielectric dissipation factor tan §
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function of the sintering temperature after poling at different
temperatures are presented in Fig. 3(A—C). The dielectric and
piezoelectric properties increase considerably due to enhanced
domain wall mobility as a result of the decreasing of the number
of pores. However, poling has a small influence. The dielectric
dissipation factor tan § shows anomalous behaviour as compared
to the soft counterpart (PXES52)? as it increases by increasing the
poling field which means that the domain walls are still movable
or, rather more precisely, that full polarization is not yet reached.
The noticeable low value of tan$ is attributed to ageing®' and
domain wall stabilization.®?!>> This observation is consistent
with the constricted hysteresis loops shown in Fig. 2.

To determine the Curie transition temperature, the dielectric
constant was measured as a function of temperature at 1 kHz,
Fig. 4. As can be seen in this figure, the sample shows a typical
ferroelectric phase transition peak at a Curie transition tem-
perature of 335°C. The onset of the paraelectric phase state
is accompanied with the disappearance of the electromechani-
cal coupling factor kp. This rules out any other possible causes
for the anomalous behaviour of the hysteresis loops at room
temperature, e.g. antiferroelectricity.

3.4. Hysteresis loop depinching

Itis widely known that there are only two ways for depinching
the hysteresis loop.! Electrically, by repeated cycling (hundred
or even thousands of times) of the hysteresis loop, the pinching
will disappear and the internal bias will be reduced. !-20-22,32,34.35

and the planar coupling factor k, at room temperature as a This process is normally done above the Curie temperature?%->!
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Fig. 2. Hysteresis loops for increasing maximum field of a non-poled sample (6) at room temperature. Sintering temperature: 1275 °C.
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and is called hysteresis relaxation.?***> The relaxation of the
internal bias E; obeys, according to Carl and Hérdt1*?:

Ei) = Eexp (—2) M

The relaxation time t depends on the temperature and the
maximum applied electric field (i.e. relaxation is a thermally
and electrically activated process). In some cases the depinch-
ing cannot be completely relaxed even after a large number
of cycles.! The pinning can also be structurally removed by
quenching the sample from well above the Curie temperature to
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Fig. 4. Dielectric constant &, and the planar electromechanical coupling factor
kp as a function of temperature for sample poled at 30kV/cm and 70 °C after
electric depinning (50kV/cm, 105 °C).

room temperature.':'° This effect is called thermal relaxation.
20,21

However, we have found, in our case, that the loop can be
gradually depinched by increasing the temperature up to the
poling temperature, which is only one-third of the Curie temper-
ature, and with no need of repeated cycling. The loop is gradually
changed to normal shape by increasing the temperature, Fig. 5,
and the applied field, Fig. 6. It can be easily noticed that, there is
a transition temperature of about 95 °C at which (along with the
highest applied field) the pinched loop can be relaxed by thermal
activation. In other words, assuming a maximum applied electric
field, the remanent polarization increases from zero to non-zero
by increasing temperature and/or by the density, Fig. 7. The
bias internal electric field before poling, as calculated according
to Refs. [16,22], is significantly decreasing with increasing
density of the ceramic, Fig. 9. At low ceramic density, the pores
are abundantly present and therefore the domain wall mobility
may be hindered because of space charges that accumulate
on the pores.17’33’39 Nevertheless, for more dense samples,
hysteresis relaxation was found to be effective for depinching
and lowering the internal bias. It was found that, the internal bias
can be greatly reduced after quenching from 500 °C, well above
the T¢ of ~330°C, to room temperature. The hysteresis loops
after quenching are shown in Fig. 8. Fig. 9 shows the internal
bias after quenching as a function of the sintering temperature.
The internal bias slightly decreases in a nearly linear manner
with increasing density. Due to the fast cooling ordering of the
oxygen vacancies or their dipoles are hindered.!® Consequently,
the ceramic after the quenching process is in a metastable state.

3.5. Poling effect after de-ageing

3.5.1. Hysteresis loops

Hard ceramics can be poled into a stable state after de-ageing.
After hysteresis depinching by our method the ceramic can
be subjected to the normal poling procedure described above.
Fig. 10 shows the P—FE curves at room temperature after poling
at 100 °C under an applied field of 30kV/cm and field cooled.
It is seen that a strong asymmetric polarization hysteresis curve
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Fig. 5. Hysteresis loops at different temperatures of a non-poled sample (7) at the maximum applied electric field of 50kV/cm.

results, revealing a unipolar polarization orientation. Clearly,
field cooling results in irreversible changes in the defect distri-
butions and domain stability unless the temperature is increased
to enhance defect mobility. A similar behaviour is observed by
other workers.3%3¢ The large field shift is due to domain pinning
by defects. The defects rearrange with the ferroelectric polariza-
tion at higher temperature, and freeze-in upon cooling resulting
a stabilized polarization.®

3.5.2. Dielectric and piezoelectric properties

The dielectric constant &, dielectric dissipation factor tan §
and the planar coupling factor k, at room temperature as a
function of the sintering temperature for specimens poled after
electrical de-ageing at different temperatures are presented in
Fig. 11A-C. There is no significant influence of the poling
temperature as well as the de-ageing itself on the dielectric
properties. Poling after de-ageing showed a small enhancement
of the electromechanical coupling factor. Densification of the
ceramics is still the main ruler of the improved piezoelectric
properties. However, thermal relaxation (quenching) was found
to be very effective for enhancing &, tané and kp,, Fig. 12A-C
and Table 2.

By poling the samples after de-ageing, the electromechan-
ical coupling factor increases significantly as compared to the
aged state. Generally, we note that the thermally quenched hard
ceramic samples behave qualitatively the same as soft materials.
This behaviour can be attributed to the effect of oxygen vacan-

cies acting as pinning centres disordered by thermal quenching
and resulting in randomization of the energy profile for domain
wall motion.'”

3.5.3. Thermally stimulated discharge current (TSDC)

After electrical depinning, thermally stimulated discharging
current (TSDC) curves for the various samples were measured.
The results showed a certain scatter and Fig. 13A shows the
curve for sample (7) as a representative result. At first glance
one cannot attribute the TSDC to pyroelectric activity since
the total charge released by thermal stimulation is quite high,
about 800 wC/cm?, as compared to ~40 pC/cm?, typically for
PZT. However, the frozen-in defect-dipoles can be released by
thermal activation and consequently prevail itself as anomalous
TSDC.

After quenching (structural depinning), the defect-dipoles
are randomly distributed. However, they can be oriented by the
externally applied electric field at high temperature. After age-
ing the defect-dipoles are already oriented by the ferroelectric
polarization and they have no depolarization effect. As a conse-
quence, the TSDC curve, Fig. 13B, has a totally different profile.
It shows only one single peak at the typical Curie transition tem-
perature (~315 °C). The total charge released in both cases is
almost constant (~800 C/cm?) confirming that the direction of
the ferroelectric polarization and defect-dipoles in poled sam-
ples after de-ageing is the same. Similar behaviour was observed
previously.!7-37-38.2
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4. Discussion
4.1. Ageing phenomena

Ageing phenomena are observed in all ferroelectrics. It usu-
ally manifests itself by a double P—F hysteresis loop in nonpoled
samples, a decrease of the dielectric constant at a small ac elec-
tric field and piezoelectric constant at small mechanical stress.
The theory of ferroelectricity cannot directly explain ageing
behaviour.

It is natural to speculate that ferroelectric ageing is caused
by a certain relaxation process. Generally, it is agreed that
ageing can be phenomenologically attributed to a gradual stabi-
lization of the domain pattern by D/, /Ti —Vo** defect-dipoles.

This argument is widely verified, theoretically!1020-23 and

experimentally.*!~** However, Dimos and co-workers>>~28 have
shown that, pinning can also be of electronic origin due to lock-
ing of domains by electronic charge trapping centres. The central
controversy is, still, whether the domain stabilization stems from
adomain effect or a volume effect and whether it is ionic or elec-
tronic. For the domain effect, it is believed that defects migrate
to the domain walls during ageing and consequently pin the
domain walls. For the volume effect, it is considered that the

]
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Fig. 10. Hysteresis loop at room temperature for a sample poled at 30kV/cm
and 90 °C after electrical de-ageing (50kV/cm, 105 °C).

defect-dipoles align along the spontaneous-polarization Pgs ori-
entation over the whole domain during ageing and thus make
domain switching difficult. In the domain effect, however, the
existence of domain walls is a necessary condition for ageing.
However, in the volume effect model, ageing is expected to exist
even in a single-domain sample. On this assumption, Zhang and
Ren*® prepared a single-domain BT single crystal and showed
that ageing still occurs. Therefore, they concluded that the vol-
ume effect rather than domain-wall pinning is the governing
mechanism for ferroelectric hysteresis loop pinning. As it is
impossible to distinguish between different mechanisms which
cause the stabilization from purely electrical measurements,?’-?8
we will also assume that the volume effect can explain our
results.

The model of ageing phenomena, as initially set by Carl and
Hirdtl?? and adopted by many others*>~#% is based on the fact
that the PZT perovskite structure contains Vp®*® vacancies and
Fey, 1 ~Vo*®* defect-dipoles. Now we consider the symmetry

of the statistical distribution*> of Vo** around a Fe/,_ s7i- In the
cubic paraelectric phase, Fig. 14A, the defect probabilities Py
of finding an Vp** on the neighbouring, equivalent sites (1, 2, 3,
4) of the Fe/,, /i are the same (Py| =Py = Py3 = Py4). Thus, the
symmetry of the equilibrium defect probability around Fe/,, /Ti is
cubic, following the cubic crystal symmetry of the paraelectric
phase. In the ferroelectric phase, Fig. 14C, the polar tetragonal
symmetry renders the sites 1 and 2 equivalent but inequiva-
lent to sites 3 and 4 and thus the defect probabilities Py are
Py1=Pyy # Py3 # Pya.

Consider a macroscopic crystal in the cubic, paraelectric
phase in equilibrium, Fig. 14A. Upon cooling, the crystal
undergoes a paraelectric—ferroelectric (PE-FE) phase transi-
tion transforming into a multidomain tetragonal ferroelectric
phase, Fig. 14B. The resulting spontaneous polarization Pg
lowers abruptly the symmetry but the defects cannot move
quickly since the PE-FE phase transition is diffusionless. As
a result, the polar tetragonal ferroelectric phase inherits a
cubic defect-symmetry after the transition, Fig. 14B. How-
ever, this fresh ferroelectric phase, Fig. 14B, is not a stable
state because the defect symmetry (cubic) does not match
the crystal symmetry (tetragonal).'® Given sufficient time (and
energy), defect/vacancy re-distribution occurs'® and the cubic
defect symmetry will be changed into a polar tetragonal one,
Fig. 14C. Such a process involves a short-range migration of
ions/vacancies. Sites 3 and 4 are no longer equivalent because
site 3 is closer to the ion on site 0. Thus, the site closer to
the Fe/, /Ti has a higher defect probability due to the Coulomb
attractive force between the effectively negatively Fe, /Ti and
effectively positively Vp*®. This process requires some time to
complete. This is the microscopic mechanism of ageing (domain
wall pinning) in ferroelectrics.

After ageing, the defect symmetry in each domain follows
the polar tetragonal crystal symmetry. The configuration of
Fe, 1, and Vo®® exhibits a defect-dipole moment Pp follow-
ing the spontaneous polarization Pg direction*” of the residing
domain, Fig. 14C1. Now every domain s inits stable state. When
such stable domains are switched by an electric field, domain
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Fig. 12. (A—C) Dielectric and piezoelectric parameters before and after thermal de-ageing.

switching occurs abruptly (without diffusion) with the spon-
taneous polarization following the field direction, Fig. 14C2.
However, the defect-dipole cannot be rotated in such a diffu-
sionless process, or, in other words, not switched. Therefore,
the defect-dipole provides a restoring force or a reverse internal
field favouring to switch back the domain when the electric field
is removed, Fig. 14C1 and C2. As a consequence, the original
domain pattern is restored so that the defect symmetry and dipole
moment follow those of the crystal symmetry in every domain.
Consequently a pinched hysteresis loop in the P—F relation is
observed as well as a shift in the E-axis due to the existence of
PD-44

Table 2
Dielectric and piezoelectric parameters at different poling conditions

4.2. Thermal de-ageing

As discussed, upon quenching and immediately after the
PE-FE phase transition the oxygen vacancies adopt the cubic
symmetry. This de-aged configuration is analogous to the fresh
state, Fig. 14B. At this stage we have two directions to go. Either
to let the material age and follow the same scenario we men-
tioned before or we apply strong poling conditions. In the latter
way the domains will be oriented easily without the hindrance
of the defects since the defect polarization is still zero, Fig. 14D.
So far, even after removing the field, the defects have no influ-
ence and remain in the cubic symmetry. Consequently, there

Samples Aged nonpoled Directly poled Poled after electrical de-ageing Nonpoled after quenching Poled after quenching
&r Tan & Tan é kp & Tan é kp & Tan é &r Tan é kp
(€))] 585 0.01103 582 0.0071 0.274 740 0.030
2) 710 730 0.0067 0.337 800 0.0268
3) 730 0.00696 745 0.0084 0382 770 0.0077 0.393 900 0.0286 936 0.0222  0.511
“4) 830 0.00292
(5) 875 0.00305 1120 0.0223
(6) 940 0.00267 760 0.0044  0.49
(@] 975 0.00259 955 0.0052 0496 940 0.0052  0.51 1120 0.0203 1030 0.0181 0.564
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Fig. 13. Thermal stimulated discharge current (TSDC) for samples poled after (A) electrical de-ageing and (B) thermal de-ageing.

is no restoring force to switch the oriented domains back. In
time the oxygen vacancies will migrate by diffusion follow-
ing the host crystal symmetry and the spontaneous polarization
Ps. However, such diffusion redistribution of defects will not
affect the domain orientation because defect-dipoles are follow-
ing the ferroelectric polarization direction. This new domain
stability can be sketched as in Fig. 14E. Fig. 10 also shows a
good verification of this assumption. The anomalous hysteresis
loops show a unipolar polarization orientation for poled samples
after de-ageing. De-ageing directly followed by poling results
in irreversible changes in the defect distributions and domain
stability.>>-¢ This simple explanation also enables us to under-
stand the large enhancement in the piezoelectric coupling factor
kp after the same conditions of poling right after quenching, since
the defects have no chance to age and thereafter to dominate.

4.3. Pyroelectric behaviour

4.3.1. Before de-ageing

In the aged state, the sample is still not fully polarized as can
be recognized from the value of the kp, implying that the majority
of the domains are still pinned. The oriented domains are in fact
in an unstable state because the defect polarization Pp does not
follow the spontaneous polarization Pg of the oriented domains.
That means that the defect-dipole moment Pp can memorize
the original crystal domain patterns after ageing, and does not
change during subsequent domain switching.** However, under
thermal activation defects can migrate by diffusion in order to
match the crystal symmetry. This motion of defects, primarily
the oxygen vacancies Vp**®, produces a current, which is oppo-
site to the intrinsic thermal depolarization current, which has
also just started to contribute. At this point we have two types of
current of different nature and direction. The intrinsic pyrocur-
rent which is rising in the positive direction and the extrinsic
diffusion current of the oxygen vacancies which rising in the
negative direction and counteracting the pyrocurrent to peak at
a lower temperature (250 °C) than the typical Curie temperature
(~330°C), Fig. 13A. By approaching the Curie transition tem-
perature, the pyrocurrent vanishes whereas the diffusion motion
of the defects may continue in the negative direction. The rea-
son for that is the material undergoes a FE-PE phase transition,
which is fast in nature while the defects move by (slow) diffu-
sion. Thus, it takes a relatively long time to adapt to the new

(cubic) crystal symmetry. Consequently its current vanishes at
relatively higher temperature (400 °C).

4.3.2. After thermal de-ageing

The thermally stimulated discharge current (TSDC) curve,
as shown in Fig. 13B, of a poled sample after quenching can be
explained as follows. After quenching, as we illustrated previ-
ously, strong poling for a sample in the fresh quenched state can
easily and permanently orient the domains. Although the oxygen
vacancies still have a cubic symmetry, they have no influence on
the oriented domain walls even after ageing by diffusion.

By short circuiting the sample with an electrometer and
applying a constant heating rate, we expect two types of dis-
charge current: the defect-dipole discharge current and the
intrinsic depolarization current. This was indeed experimentally
observed and we found an extremely high and broad TSDC curve
peaking at the typical Curie transition temperature (~330 °C).
At this point we have two important observations. Firstly, the
single peak in the TSDC profile enhances the idea that the
defect-dipoles are not misaligned with the intrinsic ferroelec-
tric polarization and ageing is not going towards depolarization.
This is also consistent with a normal hysteresis loop observed at
room temperature after quenching. Secondly, the extremely high
TSDC can be understood now as a combination of two discharg-
ing currents and accordingly the real spontaneous polarization
Ps cannot be determined by this measurement.

4.4. Dielectric loss

In ferroelectric materials, all properties are closely linked.
The ferroelectric P—E hysteresis behaviour can give valuable
information on the different physical processes that take place in
ferroelectric materials, e.g. domain-wall pinning, defect order-
ing, and nature of defects.!"'® Having a mechanism explaining
the pinched hysteresis loops, helps to interpret the other dielec-
tric, piezoelectric and pyroelectric properties.

4.4.1. Aged samples

Herbiet et al.*” stated that the extrinsic (domain wall) con-
tribution is the main source of the dielectric loss because the
domain wall motion can induce mechanical friction. The extrin-
sic contribution can be as much as 70% of the total loss at room
temperature.47
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impurity Fe** occupying the (Zr**, Ti**) site. The probability Py; refers to the conditional probability of finding an O~ vacancy and O®~ ion at the site i (i=1, 2, 3,
4), respectively, when an impurity ion Fe>* occupies site 0. (A) A configuration represents a non-polar/centrosymmetric cubic paraelectric state (I'> T¢). (B) Fresh
(unaged) polar tetragonal ferroelectric state (7'< T¢) (thick line represents the domain wall). (C) Polar tetragonal ferroelectric state after 0+ vacancy diffusion. (C1)
A stable multidomain structure of the tetragonal ferroelectric crystal after ageing in the ferroelectric state, in which defect symmetry follows crystal symmetry in
every domain. (C2) Unstable state after domain switching by electric field E. Double hysteresis loop (P—E curve) during reversible domain switching between (C1)
and (C2). Stable states are those where the defect symmetry matches the crystal symmetry; unstable states are those where they do not match. (D) Poled configuration
in the fresh state before ageing dominates, in which the defect symmetry matches the crystal symmetry. Even upon the inevitable diffusion motion of the oxygen

vacancies (E), the poled configuration (i.e. the stable state) is still preserved.

Before poling the domain walls are pinned by defects leading
to restricted movement of the domain walls (assuming the move-
ment of the domain walls is the main contribution to the dielectric
loss). Consequently, a low dielectric loss is expected.?!*® Poling
of a hard ferroelectric does not greatly reduce the domain wall
number (see Fig. 14C1 and C2), as evidenced by the pinched
hysteresis loop. However, there is a significant movement of
domain walls due to poling. As a result of pinning, which acts
as an elastic restoring force, the domain walls in time return back.
Accordingly, the dielectric loss increases after poling contrary to

the common behaviour. The same thought is also applicable for
poled ceramics after electrical de-ageing. Because the material
in this case is more polarized than before electrical de-ageing,
the increase in tan § is less, see Table 3.

4.4.2. Thermally de-aged samples

After quenching and before ageing (i.e. before defect-dipoles
develop) the material can be relatively easy poled leading to a
reduction in the number of domain walls, which are now pinned
by the global ferroelectric polarization. Consequently, after pol-
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Table 3
Schematic of the dielectric loss (tan §) behaviour

Before poling After poling

Aged ! 1
Electrically de-aged N5 4
Thermally de-aged 0 N

ing the material shows domain wall stability and lower dielectric
loss. Moreover, a remarkable increase in the electromechanical
coupling factor kj is observed. The explanation given is again
based on the assumption that the major contribution to the loss
is the domain wall motion.

5. Conclusions

Poling of hard ferroelectric ceramics cannot be accomplished
before domain wall depinning. The restriction on domain wall
mobility can be released by applying a high temperature and
high periodic electric field before a normal poling procedure.
Another, more efficient, way for domain wall depinning is
quenching from a relatively high temperature where after the
material showed remarkably improved piezoelectric properties.
The pyroelectric current can be used as monitoring tool to indi-
cate to the degree of domain pinning by defects. The dielectric
loss behaviour is consistent with the degree of pinning.
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