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Domain-related problems of ferroelectric ceramics
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Abstract

Ferroelectric ceramics represent the widest application area of ferroelectric materials, for their electromechanical, dielectric and optical
properties. In all cases domain-related aspects play a decisive role, whether positive or negative. Despite effective research efforts numerous
essential problems remain unsolved. Here first an overview of them is shortly specified, related to static and dynamic aspects of domain
systems in ceramic samples. Two issues are then addressed in more detail: the potential role of the “soft” energy in the poling process and the
possibility to depole a ceramic sample in different ways, leading to domain symmetries of different macroscopic properties.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction 2. Selected unsolved and interesting problems

Although in the two recent decades thin films and single  Let us first consider the static case of a ceramic sample
crystals have essentially increased their position in technicalwhich can be ideally poled, partially poled or unpoled in
applications of ferroelectrics, ceramics plays still the most three different ways (see below).
important role. Poling ceramic samples was in fact the first  What are the macroscopic properties of averaged mul-
domain-related application. While here domains play a pos- tidomain systems, including permittivity), piezoelectric-
itive role, in some practical functions they result in negative ity (d) or elastic §) characteristics? They are influenced
aspects because of spatial distribution of tensorial characterby a number of domain-related aspects: orientation of crys-
istics. Compared to crystals or films domain properties are tallographic axes in individual grains; domain patterns in
much more complicated in ceramics because of elaborategrains; boundary conditions of grains; response of domain
aspects such as distribution of permittivity and polarization walls; etc. Several theoretical approaches are possible for
axes, elastic and dielectric boundary conditions of grains andunderstanding macroscopic properties, such as: (a) averag-
internal properties of grain boundaries. Therefore, despiteing single crystal values assuming specific distributioR9f
of very essential and high level research many problems areaxes and specific field-dependenceRef distribution. Re-
still to a considerable extent open. Domain-related proper- sults of such theorief®] are still the mostly accepted ones.
ties are discussed in many excellent available review papers(b) Averaging single crystal values assuming specific forms
on ceramics (see, e.fl-8]; however, sometimes measur- of crystallites, e.g. sphericfl0]. (c) Modelling approach to
able properties are addressed with more attention than theillustrate ¢, d ands coefficients of both unpoled and poled
genuine domain aspects. Some of the latter we shortly spec-samples, assuming a specific geometry of domain pattern in
ify in the following section. Then two items, role of the soft  crystallites[11].
energy and depoling a ceramic sample are discussed in more |t is in fact the modelling approach which can specify
detail. the complicated situation of field distribution in ferroelastic

domain systems and its consequence in macroscopic prop-
T ) erties[12]. And it can be assumed that using the new mod-
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understanding properties of ceramic samples will highly prepared by specific additivg$9] with a square loop and
increase. Ec = 370V/cm, i.e. it is fully comparable with the crystal
There is another very interesting open issue: understand-value.
ing macroscopic properties of specific domain patterns. For typical PZT ceramics close to the morphotropic phase
Many are known, such as Forsbergh pattgtB8] which boundaryEc lies between 4 and 6 kV/cm. It was for this ma-
appears both in crystals and grains and can be efficientlyterial that the concept of “soft” and “hard” ceramics was in-
produced. Or Arlt patterngl4] specific for ceramics. Here  troduced20] when additives were specified which strongly
even the symmetry aspects and tensorial properties areinfluence theEc value, typically from 4 to 15kV/cm. Few
unknown and should be specified in the first place. theoretical discussions have been offered for understand-
The problem of static domain patterns becomes evening these properties. Let us just mention one interesting ap-
more complicated when phase coexistence within grains proach[21] in which the soft and hard aspects are explained
[15] would be taken into account. by local electric fields arising from accumulation of impu-
Macroscopic properties related to domain dynamics are rity atoms or charged point defects.
little understood. In single crystals, the basic ritual of the  One interesting aspect of ac switching is its frequency
switching process (nucleation, domain growth, domain co- dependence. For TGS crystals, witimcreasing from 50 to
alescence) is clear when non-ferroelastic?186mains are ~ 10° Hz, Ec expands by a factor of 4. In fact for ceramic
considered. It is based on data obtained by applied pulsematerials, usually the publishé data are not specified by
fields: thePs reversal proceeds @& = constant. This kind  frequency; it is usually between 10 and 100 Hz. For PLZT
of switching studies is traditional even for crystals with more 6.25/56/44 ceramicf22], with f increasing from 102 to
complicated domain patterns. For ceramics very few such 10% Hz, Ec grows from 10 to 13 kV/cm, i.e. by a factor of just
data[16] are available although the conditidh = const 1.3. For a better comparison data for crystals and ceramics
might lead to more involved discussions of dynamic domain in the same frequency region would be needed.
phenomena. Switching processes in ceramic are very complicated.
It is known that for single crystals even when only 180 And it is fair to mention that even for single crystals the
switching is possible, shapes &f(E) hysteresis curves value has not been satisfactorily explained. The problem of
strongly differ; those of BaTi@ and TGS crystals are a unrealistically large nucleation energy offered by available
good example. Defects may play here a very significant theories is well known and has not been yet solved. In fact
[17] role and the problem has not been yet fully addressed. it was shown[23] that perfect explanation of hysteresis
Let us mention the LiNb@ case. For several decades a loops in crystals can be reached even without nucleation,
P(E) hysteresis loop in crystals of this material could not when switching is assumed to start with residual domains.
be realized. Because of it some scientists even disagreed tdt appears probable that in ceramics nucleation plays no
call it a ferroelectric, although its species was known to be role. But in ceramics dynamic domain problems are difficult
m3m-Pd-3m and often static domains were observed. Only to solve theoretically-because of the complicating aspects
much later[18] it was found that in stoichiometric crystals such as spatial distribution of permittivity and polarization
Ec is drastically decreased af{E) loops become authen- axes, elastic boundary conditions of individual grains or
tic. This is one of the examples how big role the defects internal properties of grain boundaries. Yet some suggestive
can play and it is of course expectable for ceramic samplestheoretical papers are available. It was shd@24 that for
as well. an individual grain coercive field is much smaller than the
The shapes oP(E) loops of ceramics are very diverse switching field. The factor contributing to this difference
although they are similar to those of crystals. This can is that the grain gives rise to an internal field which as-
be expected considering the complicated spatial distribu- sists the applied field in activating the switching in other
tion of the switching process and the role of coexistence of grains.
non-ferroelastic and ferroelastic switching. One of the in-  Modelling approaches have become promising methods
teresting points is to compare the basic characteristic of theto understand the mentioned involved aspects in ceramics
loop, coercive field. Considering the complicated situation of resulting in complexity of spatial distribution of the switch-
a ceramic sample due to the disorientation of grains and ex-ing process. In fact modelling methods have been applied
istence of grain boundaries one would expect that the valueto dynamic domain properties more actively than to static
of Ec measured at normdl andw conditions significantly properties; let's mention here just three papers as examples

exceeds that of single crystals. [25—-27] However, we suggest that modelling as well as cal-
For BaTiG; and TGS crystals the well known represen- culations should be applied first for simplified domain ge-

tative values are in the randge: = 100-500 V/cm aflyoom ometries.

and for f = 50 Hz. For BaTiQ ceramics a number of data In addition to average polarization, hysteretic behaviour

which are usually not exactly specified demonsti&tebe- of many other macroscopic properties is represented by clas-

tween 1 and 5 kV/cm a&oom. However, it depends on many  sical or double hysteresis loops. When B{&) curve is dif-
aspects-additives, grain size, field amplitude, and in addi- ficult to measureg(E) is useful to specify th&c values. No
tion also the ageing effect. “Soft” BaTgceramics can be  theory ofe as a function of the domain geometries seems to
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be available; the problem was addressed by mode]lidg &;;EE;. Thus, any ferroelastic material can exhibit such fer-
and is still generally open. robielectric[29] properties. From the practical point of view,
Very interesting hysteretic behaviour was observed in ce- the issue is interesting for ceramic materials. It was shown
ramic samples for some components of the piezoelectric co-[30] that the soft energy can lead to qualitatively new aspects
efficient. Thed(E) hysteresis loop has been often measured of poling and play an essential role in ferroelectric ceramics.
for both crystalline and ceramic samples. There are two in- It is useful first to analyse the case of a ferroelectric and
teresting aspects. First, it is often assumed that for a ceramicferroelastic single crystal to which field of a general orienta-
sampled = 0 whenP = 0. However, it can be shown (see tion is applied. In applied electric field, domain states differ
alsoSection 4 that when hysteresis loop is passed, the field in the “hard” ferroelectric energy—Efs) while ferroelastic
corresponding ta/ = 0 is not the classicdEc field; or in domain states differ in the “soft” dielectric energyE;E;.
other words thatl £ 0 whenP = 0. Second, it was repeat- Thus, when no stress is applied, the following form of the
edly observed that thes1(E) and d33(E) loops have some-  free energy density of the domain statés relevant:
times a negative sloped®E in the high field region. Only

recently[28] the first interpretation was offered for single F® = Fo — %Si(ja)EiEj - Einf) 3)
crystals. It is based on the fact that the permittivity of a o _ o .
polydomain crystal is the sum of two contributiongs of Consequently, switching can be in principle induced also

the crystal lattice angtwa due to displacements of domain by the application of field even in a non-ferroelectric fer-
walls. The average polarizatid® of a polydomain sample  roelastic compound wittPS’ = 0, due to soft energy and
can be presented as the sum of spontaneous and lattice corpermittivity anisotropy.

tributions Here as a representative example we consider the species
m3m-4mm which represents many classical ceramic mate-

P'= Psav+ Pat = Ps(20 = 1) + XiatE (1) rials like BaTiOy or PZT compounds on the PbTiGide.
wherex is the volume fraction of the_ -state in the domain ~ Six statesx = 1, ... , 6 can appear in this species, with ori-
pattern. These simple and fully acceptable assumptions leadentation ofPs along the crystal axes. When electric field is
to the following result for the piezoelectric coefficient applied to a sample, in each grain spontaneous polarization

arises along one of the crystallographic axes. The choice of
d = 20 (Pxiat + Platxwall) = do + Ad 2 g y grap

the axis and the sign &s correspond to the demand that the
The field dependences df and Ad contributions are sig-  energy Eq. (3) is minimum. It turns ou{30] that when the
nificantly different and indeed their sum leads to the neg- soft energy is taken into account, the choice of the axis along
ative slope of thed(E) loop at high fields. In addition, the  which Ps should arise depends not only on the anglee-
theory explains the fact that thE) curves for increasing  tween theE andPs vectors but also on the field magnitude.
and decreasing (e.g. positive) field cross each other. All angles ¥ resulting inPs along a given axis are repre-

An analysis of present understanding of domain phenom- sented by one or even more intervals. A detailed discussion
ena in ceramics leads to a number of suggestions. Let usshows that the character of these intervals substantially dif-
mention just one: could experiments be performed which fers for “weak”, “average” or “strong” fields, related to the
would clarify the spatial distribution of the switching pro- field E* depending on permittivity anisotropy and defined
cess in a ceramic sample? by E* = 2Ps/Ae whereAe = ¢ —¢). We assumé\e > 0

which is the case of tetragonal ferroelectric perovskites.
In the following text the results obtained for a crystal are
3. Poling a ceramic sample: role of the soft energy applied to ceramicf30]. The average value of polarization
in a ceramic sample is given by

In ferroelectric materials, applied electric field of a gen- 4 608
eral orientation leads to energetic preference of one of the Pay = (PsCOS0) = (_PS> Z/ coso do (4)
domain states. In this selection the energ¥PR4) is usually 3 — Jo;
taken into account. In a single crystal, it prefers the domain
states with thePs vectors making the smallest angle with where 0< 6 < 7.
the homogeneous applied field, leading to classical ferro- Here ¢ specifies the angle between the applied field
electric switching. Traditionally, in ceramic samples maxi- and thezaxis along which the resulting polarization is ex-
mum average polarizatioB is required, when due to poling  pected; the intervali;, 9; + A®;) (i = 1,2, 3) represents
all grains become single domain and theivectors are as  the interval of angles for which the state B§ along the
close as possible to the averaged applied field. positive direction ofz-axis is realized.

Since the symmetries of tensors representing spontaneous For weak fields fulfilling the conditioE < E*/./2 the
strain and dielectric permittivity;; are the same, in any fer-  result is Pay = (4/7/2)Ps. Thus, the conclusion is the
roelastic dielectric material domain states differ also in the same as if the soft energy term kg. (3) were not taken
permittivity tensor. Therefore, in applied electric field, fer- into account and thé,, value does not depend on the
roelastic domain states differ in the “soft” dielectric energy field magnitudePs points along the axis which makes the
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Fig. 1. Regions of field directions (represented by dark areas) for which 0 0.5 1.5 2 25 E /E>I<

Ps occurs along thez-axis of a single crystal. (a) “Intermediate field”
E*/2 < E < E*. (b) “Strong field” E > E*. Fig. 2. The case of ceramics. Average value Py of polarization aong

the direction of applied field depending on the field magnitude. Py, is
represented by the dimensionless quantity Py /72+/2Ps. For E > E*//2,
smallest angle with the field direction; the angle is in the Pa decreases with increasing field.
(O, nr/4) interval. This is the generally assumed situation.
A more complicated case occurs for the “average” fields
region which is limited from both sides, fulfilling the condi- ized to verify these conclusions. Dielectric anisotropy of the
tion E*//2 < E < E*. Now polarization results along the investigated materials should be known.
axis which makes the angle with the applied field within the  To show the principles of the discussed problem, here we
interval (0,91) or interval(z/4, 7/2—1¥1) (Fig. 19. Hered, have demonstrated the simplified case of a two-dimensional
is inside the (07z/4) interval and is defined by the relation sample; Ps can direct along the axis z or x. In is shown in

sin(¢1 + n/4) = 2E*/E (Fig. 19. In this region [30] how the 3D case can be solved.
i Let us mention two additional aspects. First, because of
_ 4 V2E _ the soft energy role, cooling in applied ac field could also
Py = Ps 1 (5) . S . L . .
7T/ 2 E result in redistribution of the Ps distribution. Second, if the

. o . _ material is non-ferroelectric, only the soft energy plays the
An interesting situation occurs also for higher fieldls- role and the number of ferrobielectric domain states equals
E*//2 when to polarization pointed along a certain crys- the number of ferroelastic states. Thus, the soft energy role

tallographic axis contribute even fields of directions whose coy|d be checked experimentally in many ceramic materials,
components along spontaneous polarization are negativeg g, in STiOs.

Now the interval of angle#, which result in spontaneous
polarization along the crystataxis is /4, ©3), whereds

is within the QT/4, 377,'/4) interval F|g 1b) and satisfies the 4. Depo“ng a ceramic Samp'e: poten“a] macroxopic

condition sin (3 + 7/4) = 2E*/E. We obtain properties
2
_ 4 1 E _ } EX\T For applications, the poling process of ceramic samples
Pay = Ps +,/1 1| (6) - . o .
72 V2 Exy 2\ E was the first domain-related application aspect and is till

widely used. It was observed aready in the first period of

so that now polarization decreases with increasing field. This ceramic applications that often the poled samples degrade
fact is the specific consequence of taking into account the their piezoelectric properties with time; this is traditionally
soft energy. elucidated by the spontaneous depoling effect, usualy re-
The three field regions resulting in differe®yy(E) depen- ferred to asthe ageing process. One of its main sourcesisthe
dences are shown FFig. 2 It is an interesting result that ap-  decrease of elastic energy due to proper domain reorienta-
plying a field which exceeds a certain value is non-effective tion. By “depoling” is designed the decrease of the average
since the resulting polarization decreases and would ap-polarization. In principle, the ageing effect approaches the
proach zero folE — oco. New experiments should be real- P = O state. But in fact the process how P = 0 is reached

AQX A

Fig. 3. Three ways of depoling a ceramic sample. (A) Thermal depoling: classical method by heating above Ttr. (B) Depoling by reduced switching:
the amplitude of applied field is decreased to zero at constant temperature in the ferroelectric phase. (C) Depoling by stopped switching: the switching
process in applied low frequency ac field is discontinued when P = 0.
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Fig. 4. Representation of symmetries of a poled ceramic sample (P) and
of samples depoled in the three ways (A—C). In cases B and C on the
left side the geometry of Ps distributions is represented, on the right side
the classical representation of the achieved symmetry is shown.

can be realized in three ways [31], depending on the time
dependence of the applied electric field, if any. These pro-
cedures result in domain states of different symmetries and
tensorial macroscopic properties.

The classical way isthermal depoling achieved by heating
into the parael ectric phase and subsequent cooling. It results
in the cocom symmetry with zero piezoelectricity (A in
Figs. 3 and 4). A different symmetry can be expected when
depoling by reduced switching is realized. A low frequency
ac field is applied whose amplitude is reduced with time
(B in Fig. 3). Then the arrangement of Pg directions results
in zero value of P but does not return to a homogeneous
distribution of spherical symmetry; we can expect the vector
distribution corresponding to a double-cone of symmetry
oo/mm(B inFig. 4). Tensorial propertiesof asample depoled
inthisway do not seem to have been investigated. Let usnote
that tensorial properties in the samples depolarized by the
two mentioned ways would differ [32], by symmetry; e.g. in
tensors of symmetries V2 (thermoelectrical coeffients), [V?]
(permittivity), eV[V2] (electrogyration), V[V®] (higher order
permittivity) and [[VZ]?] (elastic coefficient).

In the third way depoling by stopped switching at P = 0
can beredlized. The P(E) hysteresisloop is slowly passed (C
in Fig. 3). It can be expected that at the P = 0 state the do-
main geometry will significantly differ from those reached

by the above mentioned methods. Evidently, now the Ps
distribution around the original poling direction can be nar-
rower than that around the opposite direction (C in Fig. 4).
Thus, the comm symmetry would still be kept athough in
the arrived state P = 0 and the sample could still exhibit
piezoelectric properties. A detailed discussion of this situa-
tion was offered by Luchaninov and Shil’ nikov [33].

Investigations of ceramic samples depoled in the three
mentioned ways may offer interesting information on poling
processes and new application aspects.
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