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Dielectric relaxations in ferroelectric ceramics occur at
various frequencies, depending on the type of chemical
or physical defects. These defects depend on either
intrinsic or extrinsic heterogeneities due to special heat
treatments (quenching, annealing,...), ionic substitutions,
grain size additives, and grain boundary nature. The
value of the relaxation frequency f; increases from about
10 to 10" Hz as the scale of the defect phenomenon
decreases from microstructure, to nanostructure, to unit-
cell, to atomic vibrations. This type of study requires a
pluridisciplinary  approach involving solid state
chemistry, materials science, solid state physics and
various industrial aspects. The applications in the area of
electronic ceramics are related to the value of f.. In
absorbants, the usable frequency is close to f;, whereas it
is far from f; in good insulators. In view of numerous
experimental examples, a classification is proposed to
predict which materials may be suitable for a given
application.

1. Introduction

Ferroelectricity is characterized crystallographically by a shift
of atoms from their positions in the paraelectric phase. The
gravity centres of the positive and negative charges do not
coincide when T<T7¢c (Curie temperature). A spontaneous
polarization, P, is thus created in the crystal even without
the application of an external field. The orientation of B,
along the polar axis can be reversed by an applied
electric field. In addition, ferroelectrics are characterized by a
maximum of the real part, ¢, of the complex permittivity at the
Curie temperature Tc. Above T, the material becomes
paraelectric.

An ideal ferroelectric should be a good electrical insulator, as
it keeps its spontaneous polarization, ie. its electric charge. In
fact, such a property depends on external stresses such as the
temperature and the applied electric field frequency. A simple
example related to all ferroelectric types concerns the
depolarization current resulting from a temperature increase,
which is responsible for pyroelectric properties; a peak in the
pyroelectric coefficient p (p =3P¢/3T) is obtained just below Tc.
This effect is purely ferroelectric and is related to the decrease
in IBS with temperature and its cancellation at 7.

There is a more complex reason for the decrease in insulating
properties. When an alternating current is applied to a sample,
the dipoles responsible for the polarization are no longer able
to follow the oscillations of the electric field at certain
frequencies. The field reversal and the dipole reorientation
become out-of-phase, giving rise to an energy dissipation. Such
an effect is called dielectric relaxation and may be evidenced by
a drop in ¢ and a maximum in the imaginary part of the
permittivity, ¢”, at the relaxation frequency f; (see definitions of
¢ and ¢&” in next section). The value of f, may range from low to
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high frequencies depending on the type of chemical or physical
defects related to the dipoles considered. Defects may cause
modifications of the short and/or long-range interactions in
inorganic ferroelectrics. More generally, ferroelectric beha-
viour and dielectric properties are very sensitive to both
external (temperature, electric field, ionic substitution,...) and
intrinsic (defect, domain configuration,...) modifications
because the polarization is largely affected.

This review is made up of three main parts:

(1) Firstly, some basic definitions are given. In particular,
dielectric terms are defined. A schematic diagram illustrating
the various relaxation and resonance types in the frequency
spectrum is proposed. Mechanisms of polarization are
described. The models used to illustrate the dielectric relaxation
are presented.

(2) Methods for dielectric measurements are presented in a
second part. The dielectric spectroscopy requires different
methods of measurement according to the frequency range;
they are briefly described.

(3) Finally, an overview of the different types of relaxation is
given. In each case, examples which evidence relations between
relaxation phenomena and defect aspects are given. The
different interpretations found in the literature for the collected
results are presented.

The aim of the present work is to list the main types of
dielectric relaxations encountered in ferroelectric materials and
to study how the value of f; is related to the scale of the defect
phenomenon. In view of such correlations, the ultimate
purpose is to establish a classification in order to predict the
most suitable material for a given application. Only octahedral-
type ferroelectrics are taken into consideration.

The science of dielectrics is multidisciplinary encompassing
the fields of physics, chemistry and electrical engineering. The
present article is essentially destined to help chemists who
prepare and characterize new ferroelectric materials to
interpret the temperature and frequency dependences of the
permittivities.

2. Definitions

In ferroelectrics, a dielectric relaxation phenomenon reflects the
delay (time dependence) in the frequency response of a group of
dipoles submitted to an external applied field. Because the
polarization vector cannot always follow the variation of the
alternating field, the frequency response is expressed in terms of
the complex dielectric permittivity &*:

() =¢(w)—i"(w) (1)

where w=2nf is the angular frequency; f is the circular
frequency (in hertz) of the oscillating field and i a complex
number (#=—1). The real (¢; component in phase with the
field) and imaginary (&”; component in quadrature) parts of
the permittivity are dependent on each other as shown by the
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Kramers—Kronig relations:
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where o' is an integration variable and &.. is the high frequency
dielectric constant.

Such relations evidence the correlation between dispersion
(variation of ¢ as a function of frequency) and absorption
(non-zero value of ¢”): any dielectric dispersion is accompanied
by an absorption peak. ¢ is correlated with the polarization of
the system; ¢” with the energy losses.

Over a wide frequency range, different types of polarization
cause several dispersion regions (Fig. 1). The critical frequency,
characteristic of each contributing mechanism, depends on the
nature of the dipoles. When the frequency increases, the
number of mechanisms involved in the dynamic polarization
decreases. At very high frequencies, only the electronic
contribution of the polarization remains. A decrease of ¢ is
observed with decreasing frequency. Each polarization
mechanism is characterized by a critical frequency f; (relax-
ation frequency) corresponding to the maximal phase shift
between the polarization P and the applied electric field E; a
maximum of dielectric losses (tan 0 =¢"/¢’ is the loss factor)
occurs. The orientation polarizations, i.e. interfacial polariza-
tion (space charges) and dipole polarization, are observed from
low to microwave frequencies. The force opposed to the motion
is here of a frictional nature and the resulting dynamics are thus
of the relaxational type. The deformation polarizations, i.e.
ionic (oscillations of ions) and electronic polarizations
(displacement of electrons with respect to the nuclei), are
detected in short microwave and infrared ranges. The latter
mechanisms lead to resonance-type dielectric dispersions
(vibrational process, harmonic oscillator type).

The concept of dipoles giving rise to polarization was
introduced by Debye. The Debye model considers the
reorientation of non-interacting dipoles in a purely viscous
environment without an elastic restoring force. The expression
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Fig. 1 Schematic representation of various relaxation and resonance
types, f/Hz.
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for the complex permittivity is:
& — &0

4)

Separation of the real and imaginary parts of the permittivity
gives:

&y — &

=t +——— 5
14+ (w1)? ©)
=250 6
1+ (w1)? ©

where 7 is the relaxation time, & is the permittivity at low
frequency (f«relaxation frequency) and &, the one at high
frequency (f>>relaxation frequency). ¢ decreases to &, with
increasing frequency and ¢” is maximal at the frequency w= 1/t
(Fig. 2).

In the case of dipoles correlated through ferroelectric-type
interactions, it is possible to translate the thermal variation of
permittivity at various frequencies (suitable to characterize the
transition and given classically) into frequency dielectric
dispersion curves at fixed temperatures. Argand diagrams
(¢" versus &) are also sometimes used for relaxation studies
instead of the temperature and frequency variations of ¢ and
¢”. The corresponding curves are of course related to each other
(Fig. 2). The obtained curve is a semi-circle centered on the
abscissa axis at the (&—é.)/2 point. Two parameters are
characteristic of the Debye relaxation: the relaxation step
A& =¢;—¢.. and the relaxation time 7. The dielectric dispersion
A¢' is then obtained by extrapolating at very low frequency
(f<f) for g and at infinite frequency (f>f;) for e.. Such
parameters are related to the dipole characteristics: Ag' is
related to both the microscopic dipolar moment p and the
number N of relaxing dipoles through the Langevin relation:

& — &y X Np*/3kT (7

k is the Boltzmann constant (k=8.617385eV K™ 1).

The value of 7 is correlated with the energy barrier AE
separating the two minima corresponding to the two equivalent
positions of the non-interacting dipoles in a double-well

o = 1/r =2nf, w
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Fig. 2 Frequency dependences of ¢, and ¢”; and an Argand diagram:
Debye model.



potential (viscous interaction between the dipole and the
environment). The variation of the relaxation time may be
expressed as a thermally activated process:

t=10exp (AE/kT) )

with 7o=1/wy, @, being an extrapolated attempt frequency.
The atoms are oscillating through the equilibrium position at
the frequency wo/2n and acquire sufficient energy to cross the
barrier.

In polar dielectrics, corrections to the simple Debye model
are often necessary. Cole—Cole plots (Argand diagram, ie. &"
versus ¢') reflect the deviation from the ideal Debye model and
introduce a parameter o which reflects a distribution of the
relaxation time.'

E&s—Exp
a*(w):aw X 0

+W 9)

Another example is the presence of conductivity, ¢, which
leads to an additional term in the Debye equation:

& —Eop o

* S .
@)=t G T (10)
(j is a complex number).

In this latter case, the complex impedance is usually
measured. Charge carriers in dielectric materials have to be
considered in polarization mechanisms.>> The electric field can
interact in a solid not only through reorientation of the electric
dipoles but also through the displacement of the charge
carriers. The key point is the degree of localization of these
carriers. Mobile or free charges (electrons or holes) lead to a
significant contribution only up to 10'! Hz. On the contrary,
bound charges can be considered as dipoles and participate in
polarization. A dissipation can arise from the hopping process
in ionic conductivity. The hopping ionic motion through
defects is a thermally activated process and its contribution is
observed at high temperature. A carrier leading to a local
lattice deformation and trapped in the potential well, ie. a
polaron, contributes to the dielectric properties particularly at
very low temperature. Space charges (carriers located at the
grain boundary in polycrystalline materials) act as dipoles
under an ac field and participate in polarization; the
corresponding materials are called grain boundary layer
dielectrics. All these contributions lie in the frequency range
10 Hz-1 MHz according to the temperature which is a
determining parameter in conduction phenomena.

The classical model of Debye allows for characterization of
the impedance behaviour. The material is then described
electrically by a parallel equivalent circuit of pure resistance
R and capacitance C. The impedance of this model is Z" =
R/(1+iwlw,), where w, is the characteristic frequency of the
circuit, w; =1/RC. The response in the zZ plane for a single
parallel RC element is a semi-circle which passes through the
origin and gives a low frequency intersection on the real axis
corresponding to the resistance of the element. Note that in a
polycrystalline sample, the equivalent circuit is formed by
parallel RC circuits in series. In this way grain and grain
boundary contributions are taken into account. As complex
permittivity and complex impedance are related through
Z"=11Y =(iwCye"), a relaxation in Z space (Fig. 3) can be
transformed into a permittivity frequency spectrum. Real and
imaginary parts of ¢ can be affected by the conduction,
especially in the low frequency range. An increase in both ¢';
and ¢"; is observed when the frequency decreases. No loss peak
appears when the ionic conductivity dominates the dielectric
response. Experimental data can also be analyzed in complex
modulus formalism, M =1/ =j(wCy)Z", which allows a
reduction of the grain boundary contribution. The relaxation
frequency can be determined by plotting M"/M" .. as a
function of frequency (M” is the imaginary part of the complex
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Fig. 3 Frequency dependences of Z’' and Z”.

modulus; M” .« 1s the maximum value). Impedance spectro-
scopy is particularly suitable for reflecting microstructural
features in ceramics since it allows the separation of bulk and
grain boundary contributions.

3. Dielectric characterization

The main dielectric function generally used to describe the
dielectric dispersion is the complex permittivity. Usually the
representation of the data is the variation of ¢, ¢”, and tan J as
a function of temperature and versus frequency. & is the
relative real part of the permittivity &', =¢'/eg with the vacuum
permittivity ¢,=8.84x107'2CV 'm™!. As seen in the pre-
vious section, various kinds of dipoles and phonon modes
cause several dispersion regions. The investigation of the
dielectric constants over a wide frequency range, i.e. dielectric
spectrum, is necessary to study relaxations. The dielectric
spectroscopy requires different methods of measurement
according to the frequency range.

From a few Hz to the lower MHz region, an impedance
bridge is frequently used. ¢'; and ¢, values are deduced from the
capacitance, C, and the loss factor tan o:

¢,=C(eS/e) & =¢:x tand

where ¢y is the permittivity of vacuum, S the electrode
surfaces and e the sample thickness. Moreover an impedance
analyzer allows measurement of the complex impedance (Z°) of
an electric circuit as a function of frequency. ¢, and ¢", are
deduced from the real and imaginary parts of the complex
admittance (Y =1/Z"). In the meter and decimeter wave range
(3 MHz-3 GHz), network analyzers are used. Methods invol-
ving a coaxial line are considered for studies as a function
of frequency. In the centimeter and millimeter wave region
(30-200 GHz) measurements are performed in cavities, wave
guides (reflection and transmission measurements) or free
space methods.

4. Overview of the various dielectric relaxations
4.1. Low frequency relaxations

Space charge relaxations. A primary example concerns
Ba,_.Pb, TiO; perovskite ceramics.*> The ferroelectric Curie
temperature 7c increases with x, i.e. with lead content. Fig. 4
shows that in addition to the &, peak at T, a second diffuse
anomaly occurs for T> Tc at T(€; max). When the frequency
increases, the value of 7(¢; max) also increases while ¢,
decreases. In addition, the value of ¢”; increases very strongly
with temperature. This dielectric dispersion is related to a
conductivity phenomenon which obeys an Arrhenius type
thermal activation law. The value of the relaxation frequency f;
increases with 7. In fact, when such ceramics were sintered,
weight losses were caused by loss of volatile PbO. New
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Fig. 4 Temperature dependence of ¢ at three frequencies (10%, 10° and
10° Hz) for a ceramic with composition Bag ;Pbg3TiO5.*

ceramics were prepared by lower temperature sintering of
powders obtained by a coprecipitation method. The
temperature dependence of ¢'; then showed the disappearance
of the diffuse anomaly above T (Fig. 5). The relaxation was
thus related to the volatility of PbO. In fact, the conductivity
was of anionic type due to oxygen defects in the perovskite
crystalline network.

Yellow ceramics of TKWB type and Baz(Nb4Ti)O;s
composition constitute a similar example.® For materials
sintered at 1573 K in an air atmosphere, there is a maximum
of ¢, at Tc=450K and a very strong frequency dielectric
dispersion leading to another maximum for 7> T, at about
Twm=500 K, at low frequency. Such ceramics annealed at
1073 K under 1000 bar of oxygen pressure for 48 h lead to the
quasi disappearance of the frequency dispersion for 7> Tc.
Complex impedance measurements have shown the mechanism
responsible for this dielectric relaxation to be related to an
electronic-anionic mixed conduction.’

Concerning ceramics of the TKWB type and Sr3(NbsTi1)O5
composition, the dielectric relaxation occurs at low tempera-
tures close to 150 K and partially masks the ferroelectric—
paraelectric transition at Tc=420 K.® A series of annealing
steps were performed either under oxygen or a reductive
atmosphere which led to disappearance of the space charge
relaxation. Electric conductivity studies showed an extrinsic
semiconduction of n-type behaviour. Comparison of activation
energies showed the carriers to have a polaronic character, in
good agreement with the low temperature existence of the
relaxation.

An example of interface charge relaxations is BaTiO;
ceramics doped by both niobium and cobalt.” For 0.9 mol%
Nb and 0.3 mol% Co, a semiconducting behaviour was
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Fi%. 5 Temperature dependence of ¢ at three frequencies (10%, 10° and
10° Hz) for a ceramic with composition Bag ;Pb, 3TiO; sintered at low
temperature.5
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Fig. 6 Frequency dependences of C and tan ¢ for a ceramic of BaTiO3
doped by both cobalt and niobium.’
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Fig. 7 Frequency dependences of Z' and Z” for a ceramic with
composition Pby sLiTa; o030 at 600 K.

obtained. Strong apparent real dielectric constants due to
Maxwell-Wagner polarisation were determined at 10° Hz. A
dielectric relaxation also occurred around 10° Hz (Fig. 6). It
was attributed to an interface charge relaxation at the grain
boundaries, since a core shell structure was revealed by SEM
studies.'!!

The two phenomena above were observed in a ceramic of
composition (Kg 50Nag.s0)(Srg.75Bag25).NbsO;s. One relaxa-
tion mechanism was explained in terms of a hopping process of
space charge migration bound inside the ferroelectric grains,
while the other was associated with interface charges at the
grain boundary layers.'?

Examination of frequency dispersion, whatever the struc-
tural type (perovskite or TK WB) and the temperature, implies
that ¢ is always decreasing from 10 to 10° Hz. In fact, such
relaxations related to conductivity are more clearly observed in
the same frequency range by studying the impedance varia-
tions, as stated in the definition section. The curves in Fig. 7
show very well the impedance relaxation rather than the
dielectric one. Here the conductivity is ionic and due to Li*
migration.'*!*

For all space charge relaxations, the types and concentra-
tions of charge carrier are correlated to defect chemistry and
are affected by both temperature, oxygen partial pressure Po,
during heat treatments, and the concentration of impurities or
dopants. Annealing processes in the regime of conventionally
oxidizing to moderately reducing atmospheres lead to a
predominant ionic conductivity and some contribution of
p-type electronic conductivity.'>!® The mobile ionic species are
either anions (O?~ and F™) or cations (Li", Na™,...) which
move by a vacancy mechanism. Relations between conduct-
ivity, space charges, non-stoichiometry and defect chemistry
have been studied in detail in acceptor-doped and donor-doped
BaTiO;.'171 Such effects are claimed to be at the origin of
the PTCR mechanism.”®
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Fig. 8 Frequency variation of ¢, for a ceramic with composition
KTa97Nbyg 305 at various temperatures: 7.2 (1), 11.1 (2), 17.7 (3), 24.2
(4),30.6 (5), 38.9(6),41.5(7),43.4(8),45.3(9),47.1 (10),48.9 (11), 51.7
(12) and 60.9 K (13).28
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Fig. 9 Frequency variation of ¢”. for a ceramic with composition
KTaj97Nbyg 0305 at various temperatures: 7.2 (1), 11.1 (2), 17.7 (3), 24.2
(4),30.6 (5), 38.9(6),41.5(7),43.4(8),45.3(9),47.1(10),48.9 (11), 51.7
(12) and 60.9 K (13).28

Domain wall relaxations. In a domain structure (ceramic or
single crystal), changes occurring under an electric field include
both:

(1) The switching process of the polarization ie. a P-E
hysteresis loop (larger effect).

(2) Small oscillations of the domain walls which occur when
measuring ¢, under a small alternative electric field. At low
frequency, dielectric relaxations appear (about 0.5-10° Hz).
The relaxation frequency depends both on the thickness and
the orientation (parallel for 180° domains, perpendicular for
90° domains) of the domain walls.

Near the Curie temperature, the distinction between the two
effects tends to vanish. As the coercitive field is very weak, the
low voltage leads to small oscillations which are large enough
to induce the polarization switching process.

A model was advanced by Nettleton on wall inertia and the
possible coupling of wall motion to dielectric relaxation.?!

Moreover, studies were performed on ceramics or
single crystals of BaTiO;, KTN, PZT, PMN, LiNbO; and
Serb207.22 2

As an example, a very clear frequency dispersion was
obtained with single crystals of KTa;_,Nb,O; (x=0.03).3
Firstly, the authors showed, by various methods, that such

materials exhibit the classical phase transition sequence:

Rhomb. 2 Orth. 53 Tetrag. % Cub.

as in KNbO; and BaTiOs;. Figs. 8 and 9 show the dispersion of
¢ and ¢&"; vs. log(f) which is plotted for various temperatures
from 7.2 to 60.9 K. A drastic step occurs at f~10* Hz. The
highest values of &, lie between 38 and 49 K, ie. close to
Tc=~42 K. In fact, a polydispersive behaviour is observed for
T<48.9 K: when the frequency decreases, there is an additional
increase in ¢, to the strong decrease at f~10*Hz. Such
behaviour is corroborated by the Argand diagram &', =f{¢",): in
the range 39 < T<42 K, there is an additional, well separated,
extremely flat Cole-Cole semi-circle. Both relaxation effects
decrease when T increases from T, in agreement with the
disappearance of the ferroelectric properties, and of course, of
the corresponding domains.

The domains, which are either ferroelectric or ferroelectric—
ferroelastic, are induced by impurities, point defects and
imperfections. These domains are created by mechanical
stresses and tend to absorb the latter while developing along
the crystallographic directions.

4.2. Medium-range frequency relaxation: the relaxors

Relaxors constitute a particular class of ferroelectric materials
characterized by specific dielectric properties: a diffuse phase
transition, an increase in the temperature of the maximum of
permittivity, Ty, as the frequency increases and a dielectric
relaxation in the range 10-10’ Hz observed only in the
ferroelectric phase (Figs. 10 and 11). The relaxor behaviour
appears mainly in oxygen octahedron families e.g. in perovskite
structure compositions, in tungsten bronze structure (TKWB)
materials ((A1)(A2),(C),(B1)(B2)40;5 formula), efc. Among
the perovskites, complex lead-based structures with two
different cations in the same crystallographic site are
particularly concerned. Well-known examples are Pb(Mgs-
Nb2/3)03 [PMN] and (Pbl,3’\//2L'dx)(ZI'yTi1,y)O3 [PLZT]
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Fig. 10 Temperature dependence of ¢, at various frequencies for a
ceramic with composition Pby K gLiTa;4O3.
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Fig. 11 Frequency dependences of ¢'. and ¢"; at various temperatures
for a ceramic with composition Pby K¢ gLiTa;O3.
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However, some lead-free compositions were also recently found
to present relaxor properties e.g. ceramics with compositions
derived from BaTiO; by homovalent or heterovalent substitu-
tions (BaTi,_,Zr, O3, Ba;_ Na(Ti; -, Nb,)Os,...). The compo-
sitions Pb;_,Ba;_Nb,Og and Sr;_,Ba,Nb,Og are two
examples of TKWB type relaxors. A close relation exists
between microstructural and/or nanostructural features and
relaxor properties. There is an essential difference between the
long-range and the short-range structures. The absence of a
macroscopic symmetry change is specific to relaxor ferro-
electric—paraelectric phase transitions. The strong low fre-
quency relaxation observed in the dielectric response is
characterized by a maximum of ¢, as a function of frequency,
which becomes broader with decreasing temperature from 7Ty,.
The associated fall in ¢, extends over a very wide frequency
range. Interactions between local polar moments prevent the
use of a Debye model to describe the relaxation. A wide
distribution of relaxation time is necessary. Such behaviour
reflects the critical slowing down resulting from the increasing
cooperative interactions between polar domains.

Various models have been proposed to explain the origin of
the relaxor behaviour. An overview of the most significant
models is briefly presented in order to underline the correlation
between symmetry breaking defects and dispersive dielectric
relaxation. In the first part which concerns lead-based
perovskites, the discussion focusses essentially on the most
well-known relaxor, PMN.

According to the superparaelectric model, a dielectric
relaxation occurs due to thermally activated polarization
reversals between equivalent variants.”® This model describes
the dynamics of the polar microregions in relation to
temperature. The Vogel-Fiilcher analysis is the basis of the
dipole-glass model.® Freezing of the dipoles results from
cooperative interactions between moments on the nanometer
scale. The frequency dispersion of the real permittivity
maximum can be described by the Vogel-Fiilcher relation:

w=0u'gexp|— Ea/k(Tm — Tt)]

where o is the frequency, E, the activation energy and 7} the
freezing temperature. As the temperature decreases, the
relaxation is characterized by large relaxation time distribu-
tions. The system can be described as interactions of super-
paraelectric clusters with size dispersion leading to a glassy
state. Near T, the long time relaxation reflects slow dynamics.
The system is characterized by a break-up of a normal domain
structure: a frozen polar state is reached at temperatures which
are sufficiently low. Similarly, the random field model concerns
the existence of domain states induced by fluctuations of
quenched random fields arising from particular composition
fluctuations.>’ A recent original model is based on a new
atomic arrangement in the ordered Mg/Nb domains in PMN 32
As a result of compositional disorder (Nb/(Mg,;3Nby3)
alternate layer), lead atoms are locally displaced in random
directions and the Pb local polarization is evaluated.
Theoretical models have been proposed in order to simulate
the frequency dependence of the dielectric permittivity in
relaxors. For example, a correlation between the low frequency
dielectric behaviour and the size effect of polar domains (polar
cluster volume distribution) has been evidenced.>*> A Monte-
Carlo method was used to describe the frequency dispersion by
considering the relaxor as an Ising-like dipole system.>* The
random field Potts model considers the effect of local fields
resulting from a defect-centre (chemical domain walls).*
Another interesting example is Pb(Sci,Ta;,)O3 [PST]. Dis-
ordered PST resulting from quenching presents a diffuse phase
transition and a relaxor behaviour. On the contrary, annealing
increases the degree of order in the B cationic network and as a
result, a classical ferroelectric behaviour is observed (sharp
transition and no frequency dispersion). Here the important
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parameter regarding the relaxor effect is the cationic ordering,
which influences the polar clusters.

The common point in the numerous studies on ferroelectric
relaxors is the local distortion of the short-range structure,
giving rise to local polar domains. These polar regions are
closely related to order/disorder nanostructures, electric charge
imbalance, local distortions due to ionic displacements,
chemical textures, domain walls (random electric fields),
etc... The resulting break in symmetry leads to a non long-
range polar state, as is the case in classical ferroelectrics.

Concerning the lead-free ceramics derived from BaTiOs, the
relaxor effect is all the more favoured as the composition
deviates from BaTiO5 and as the substitution is heterovalent in
the 6 C.N. crystallographic site. The relaxor phase has a local
rhombohedral symmetry, after disappearance of the ortho-
rhombic and tetragonal phases existing in BaTiOj;. These
materials obey the Vogel-Fiilcher law. Compared to those of
BaTiO3;, their relaxor ferroelectric properties are due to
compositional defects which may include non-stoichiometry.
Such an effect was shown in insulator ceramics of composition
Ba;_.p[0,»(Ti;— Nb,)O3, ie in the system BaTiOz;—
Bay sNbO;.%® In  another way Nb-doping of BaTiO;
was found via Ti-site vacancies, the material then being
semiconductive.

In tungsten bronze type relaxor ferroelectrics, the complexity
of the structure makes interpretations more difficult. Disorder
usually takes place in the A1 (12 C.N.) and A2 (15 C.N.) sites.
A very simple example concerns BaNa,;Nb504F compared to
Ba,NaNbsOs. In the former, a relaxor ferroelectric, the A2 site
is half-occupied by Ba®>* and Na™, while in the latter, a
classical ferroelectric, the A2 site is occupied only by Ba>*+ 374
Both lead-based and lead-free compositions have been found
to be relaxors. Dielectric measurements performed on
Pb,K(Nbg Tag9)sO;s showed a typical relaxor behaviour.
Fig. 12 shows a relaxation with a broad relaxation time
observed in the ferroelectric phase. This relaxation is
interpreted by using a polar microdomain concept. Some
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Fig. 12 Temperature dependences of ¢, and ¢”, at various frequencies
for a ceramic with composition Pb,K(Nbg ;Tag¢)sOys.
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Fig. 13 Temperature dependence of the dielectric constant of a crystal
with composition Sris— BaNb;gO3 (SBN) at various frequencies
from 1.5 Hz (1) to 7.2 MHz (7).*

compositions belonging to the ternary diagram LisTasO;s—
KsTas0,5-Pb, sTas0,5 also present relaxor properties. Thanks
to structural, combinatorial calculations and dielectric studies,
the influence of the cationic distribution in A sites was
determined. Proof of relaxor behaviour in such TKWB families
requires not only the presence of two different cations in the
same crystallographic site (Pb, K) but also a critical proportion
of cations Pb/Pb+K in the A2 site (A2 site at least half-
occupied by lead atoms).*! In Sr,_,Ba,Nb,Og, the relaxation
phenomena depend on the strontium content. The dispersion is
more pronounced in Sr-rich compositions (Fig. 13). Composi-
tional heterogeneity in solid solutions and structural disorder
lead to a breakdown of translational symmetry. Local
polarization fluctuations resulting from such local chemical
inhomogeneity is thought to be at the origin of the relaxor
nature of SBN.*? The broad dielectric relaxation observed
cannot be described by a single relaxation time (Fig. 14).
Moreover, the wide distribution of relaxation times is
temperature-dependent. The dielectric relaxation is observed
when the thermal energy is of the order of magnitude of the
potential barrier height of the local polarization state.** An
anisotropic glassy behaviour was found in SBN for which the
authors proposed a heterophase fluctuation model.**

Another example concerns the dielectric properties of
morphotropic-phase-boundary lead barium niobate TKWB
(Pb; -, Ba,Nb,Og4). A large dielectric relaxation phenome-
non was evidenced (Fig. 15).* A thermally agitated local-
polarization fluctuation model based on a superparaelectric
relaxor concept was proposed. The influence of nanoscale
chemical inhomogeneities in the Ba>™ and Pb>* distribution
on the perturbation of the polarization (magnitude and
orientation) was suggested. Such perturbation is of a dynamic
nature and explains the relaxation phenomena.
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Fig. 14 Variations of ¢, and ¢”; as a function of radian frequency w at
296 K for a crystal with composition Sr(s—Ba,Nb;oO3 at 296 K.*
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Fig. 15 Imaginary part of the dielectric constant of an g-axis
Pby.¢5Bag 35Nb,Og single crystal versus frequency at different tempera-
tures.

4.3. High frequency relaxations

The recent use of high, very high and ultra high frequencies in
various domains—telecommunications,  microelectronics,
etc.—has triggered research on materials in this frequency
range. The study of dielectric properties to evidence relaxations
and to understand both the relaxation mechanisms and the
modulation of physical properties is of prime importance for
applications. From an experimental point of view, measure-
ments in the frequency range between the highest dielectric
frequencies (f,~10” Hz) and the lowest optical frequencies
(f=10"" Hz) are becoming more and more important. Table 1
summarizes most of the recent data concerning relaxations in
numerous displacive or order—disorder ferroelectrics: perovs-
kites, tetragonal tungsten bronzes, etc.**>® Such high
frequency relaxations have been ascribed to different origins.
A description of the suggested models is given. Of course such a
list is not exhaustive but refers to the main mechanisms
proposed to date.

Relaxation was first attributed to the piezoelectric resonance
of the domains resulting from piezoelectric deformations of the
polarized domains in an alternating electric field.>

Strong dielectric dispersion was observed in barium titanate.
The origin was attributed to the resonance of the grains and is
thus closely related to the microstructure.

The dielectric response of lithium niobate was then studied
on ceramics. LiNbO; possesses only 180° domains; the
relaxation step observed was thus explained by piezoelectric
sound emission from the crystalline grains of the ceramics.®'

In a polydomain single crystal, the dielectric response
between 10° and 10® Hz was suggested to be dominated by
the piezoelectric resonance of the individual domains.®

Relaxation between 30 MHz and 3 GHz was also ascribed to

Table 1 Relaxation frequency for various ferroelectric materials

Sample Relaxation frequency (f,/Hz)  Ref.
KTaO; crystal 5% 107 (4K) 46
BaTiO; crystal 2% 10% (410 K) 47
BaTiO; ceramic 2% 10% (410 K) 48
BaTiOs: Ca, Pb, Zr ceramics I1x108<fi<1x 10° (300 K) 48
PZT ceramics 5x 10% (300 K) 49
PMN ceramics 4% 107 (267 K) 50
PMN-PT ceramics 2.1x107 (339 K) 50
PIN ceramics 1.3x 10% (347 K) 50
PZT thin films 107 (300 K) 51
PZT ceramics 3x108<f,<1x10° 300K) 52
Ko s6Lio 14TaO; crystal 1x10° (135K) 53
RbD,PO, crystal 1x10° (329 K) 54
Ba,NaNb, 1sTas 55015 crystal 3 x 10° (396 K) 55
Sro.3Bag 7Nb,Og ceramic 3x10% (365 K) 56
Pbs 75K sLiTa;gO5 ceramic 3.5 x 10° (240 K) 57
PST ceramic 5.5%10% (245K) 58
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Fig. 16 Temperature dependences of the relaxation curves of a
tetragonal lead zirconate titanate ceramic.%

the ferroelastic domain walls. Displacement of the ferroelastic
90° domain walls leads to a deformation of the material. In a.c.
fields, vibrational displacements of the walls create elastic
waves and the domain wall is considered to behave as a shear
wave transducer. Relaxation has been shown to approximate a
Debye relaxation. In perovskite-type ferroelectrics, the domain
width is of the order of 1 pum, so relaxation should appear
between 0.5 and 1 GHz (Fig. 16).°> An additional cause for
dielectric dispersion has been suggested: piezoelectric sound
generation by domains. In both single crystals and ceramics,
the deformation of laminar domains under an electric a.c. field
is excited by the piezoelectric effect. The resulting sound
emission causes a dielectric relaxation. Such a dispersion can
appear even in ferroelectrics which have no ferroelastic domain
walls.®*

Another model based on the effect of the hopping of off-
centred ferroelectric ions has also been proposed by several
authors.*’®> The relaxation observed in perovskite-type
ferroelectrics is in the range 10°-10° Hz. According to the
structural investigations of Comes et al., the relaxing dipoles
can be ascribed to chains of active ferroelectric ions (Ti*" in
BaTiO;; Nb° " in Pb(Mg,3Nb,/3)O3;...) which are displaced
from the centre of the oxygen octahedra. A correlated
relaxation of these chains is believed to induce a macroscopic
radio-frequency dispersion. Measurements performed without
discontinuities between 10% and 10'* Hz showed a strong
relaxation, close to 108 Hz, in Pb(Sc,»Ta;,2)05.%8

High frequency studies on ceramics or crystals of tetragonal
tungsten bronze structure (TKWB) also evidenced a dipolar
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Fig. 17 Frequency dependences of ¢, and ¢", at 365 K for a ceramic

with composition Srj3Bag;Nb,O¢ (@ experimental points, — theore-
tical curves).
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Fig. 18 Frequency dependences of ¢'; and ¢”; at various temperatures in
the paraelectric phase of a ceramic with composition Ba,NaNbs; -
Tas,O15 (@ experimental points, — theoretical curves).>

relaxation in the range 108-10° Hz. Strontium barium niobate,
Srp.3Bag 7NbyOg, exhibits a high frequency (HF) relaxation in
the paraelectric phase and its origin was ascribed to the
crystalline network owing to the motion of active ferroelectric
Nb>* jons (Fig. 17).® HF relaxation was also observed in
ceramics of the K;3Li,TasO;s—Pb,sTasO;s system. A micro-
scopic origin of this relaxation in relation with cooperative
hopping of Ta>" along the correlation chains was proposed.”’
Another example concerns the investigation of a TKWB crystal
(Ba;NaNbs(; ) Tas,O;5); a relaxation was found close to
10% Hz (Fig. 18). The relaxational mode is thought to be related
to the unharmonic motion of Nb(Ta) atoms in a double-well
potential in NbOg octahedra.”

A last example concerns the dielectric study of
Ko.s6Lip.14TaO5 in the frequency range 10°-10'° Hz.*” Here
an ionic mechanism was proposed. The relaxation is thought to
be caused by thermally activated motions of separate Li™ ions
in the multi-minima lattice potential. The interactions between
Lit are very weak, in agreement with Debye-type relaxation
(no spectral distribution, Cole—Cole parameter o <0.1).

With reference to the above models, the following discussion
will underline the link between high frequency relaxation and
considerations such as microstructure, defects, and chemical
bonds. As seen above, several models involve mechanisms
based on the piezoelectric resonance of grains, domains and
sound emission from ferroelastic domain walls. Naturally,
these models are closely related to the microstructure. As a
result, numerous studies have concerned the high frequency
dielectric properties of ferroelectric ceramics in relation to
grain size. For example, in BaTiO;z ceramics and BaTiO3
powder—polymer matrix composites, relaxation or resonance
(grain size 0.26 pm, particle size 66 nm) were evidenced. The
relaxation frequency was found to increase with decreasing
grain/particle size. The role of the domain width in the control
of the relaxation frequencies was suggested.®® The strong
dependence of relaxation frequency on grain size in coarse and
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Fig. 19 Dielectric dispersion in coarse or fine grained lead zirconate
titanate szr0_52Ti0_4303 ceramic.6

fine grained lead zirconate titanate (PZT) has also been shown
(Fig. 19). Defects have also been considered because of their
influence on domain wall mobility.®® Note that in various
studies, high frequency measurements were performed at
different temperatures on both BaTiO; ceramics and crystals;
different values of &, and &”,, but very similar relaxation
frequency values were obtained (Fig. 20).*”*7° Moreover, in
order to study the influence of piezoelectric domain resonance
on dielectric dispersion, dielectric measurements were per-
formed versus temperature on both poled and unpoled samples.
Piezoelectric resonance in the range 10°~107 Hz appeared on
the poled sample. Such a resonance coexists with a Cole—Cole
relaxation (f,~7 x 108 Hz) in the ferroelectric region; on the
contrary, it was shown that only dielectric relaxation remains
above the Curie temperature.®’

The temperature dependence of high frequency relaxation is
still a matter of controversy. Many investigations have concluded
that the relaxation frequency is almost independent of tempera-
ture up to 7¢.5 On the contrary, relaxation frequencies were
reported elsewhere to decrease critically at the Curie tempera-
ture.®* 7' A minimum of f; (HF) at T was also found in various
types of material such as lead-based complex perovskites (PMN,
PMN-PT)>*"? (Fig. 21) and materials without octahedra such as
triglycine sulfate,”> NaNO,’* and RbD,PO,.>* On the contrary,
in TKWB ferroelectrics, the temperature variation of the
relaxation frequency is smooth in the vicinity of the Curie
temperature.ss‘5 6,75

The effect of ionic substitutions on f; values has been widely
studied. In the correlation chain model, the substitution effect
is related to an octahedron distortion and thus to a change in
the displacement of the ferroelectric ions. The change in f;
values is correlated with a modification of the chain length.*® In
PZT, an increase in relaxation frequency with increasing Ti
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Fig. 20 Frequency variations of ¢’ and ¢”, for BaTiO; ceramic (a, a') or
crystal (b, b').
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Fig. 21 Temperature dependence of the relaxation frequency for a
ceramic with composition Pb(Mg;3Nb,3)03.

content was observed.”> The Extended Hiickel Tight-Binding
method [EHTB] was used as a theoretical tool in the
comparative study of Pb(Sc;,;Nb,)O; [PSN] and Pb(Iny;-
Nby/2)O3 [PIN]. Differences between the PIN and PSN density
of state curves are mainly due to indium and scandium.
Concerning Nb-O and Sc-O, the same type of orbital
interaction is involved, whereas In-O and Nb—O bonds exhibit
large differences both in symmetry and ionicity. As a result
Sc®* ions are believed to be involved in the correlation chain
with Nb>F*. On the contrary, indium probably breaks the
chains leading to a lower value of f; in PIN compared to the
PSN /. value.” In K(Ta;_Nb,)O; (KTN), an increase in
covalency with Ta content was shown to stiffen the metal-
oxygen network enough to change the relaxational dynamics
and lead to a shift of £, values.””’®

High frequency relaxation exists in materials of various
chemical composition and structure. The existence of the
relaxation in both perovskite and TKWB type ferrolectrics
accounts for a phenomenon closely related to oxygen
octahedra. The systematically higher f;, (HF) values in
TKWB compared to perovskite materials are due to the
mono-dimensionality and the strong anisotropy of the TKWB
structure.”

Finally, although the existence of a dielectric relaxation in
the range 10’-10'" Hz is well established, its origin is still a
matter of debate. Moreover, the contribution of cationic or
anionic vacancies, unwanted defects and impurities has not yet
been really quantified.

4.4. Dielectric response above the microwave region

This short section will deal with the study of ferroelectric
materials above the microwave frequency range. Even if this
does not directly concern relaxation phenomena, the import-
ance of such experiments both for the study of phase transition
mechanisms and to be able to predict the dispersion at lower
frequency (relaxational character), justify a brief discussion
within the scope of this article.

The microwave frequency range can be divided into three
wave bands: the centimeter wave band (3 to 30 GHz) (also
commonly called the microwave region), the millimeter wave
band (30 to 300 GHz) and the submillimeter wave band (300 to
3000 GHz). The phonon contribution governs the complex
permittivity in the dielectric response above 100 GHz. This
response has a resonant character in soft mode systems
(Raman spectroscopy). When the response has a relaxational
character, the dispersion lies in the centimeter wave band or
radio-frequency range. A soft mode frequency of various
ferroelectrics comes into the microwave range close to the
Curie temperature. In addition, central peak type excitations
may be evidenced in Raman spectra close to the phase
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Fig. 22 Quantitative agreement between several data from different
experiments dealing with the dynamical spectrum of BaTiO5.%

transitions. Even if the occurrence of a central peak does not
systematically imply a relaxation, some models take into
account the coupling between the soft mode and possible
relaxors. Models may also involve coupling of the soft mode to
the localized impurity mode (disorder), giving rise to a
dielectric dispersion in the microwave or lower frequency
ranges.”” When a lattice mode softens, a part of the dynamic
response may fall into the range 10°~10'° Hz. On approaching
Tc, the soft mode becomes overdamped. As a result, an
anharmonic motion in a local potential can appear (relaxation)
and a crossover from displacive to order—disorder behaviour
occurs.®® The following examples illustrate such a contribution
of the relaxational type in the GHz or sub-GHz ranges.

In BaTiOs;, infrared absorption experiments demonstrated
the crossover from displacive to order—disorder of the phase
transition. A relaxation component was included in the
dielectric spectrum at frequencies lower than the soft mode
frequencies. EPR, NMR experiments and analysis of the
central peak in Raman spectra confirmed that the relaxation
frequency should lie at a frequency 10'° Hz lower (Fig. 22).8!%3
For temperatures close to T, it seems that there is a splitting
into the overdamped soft mode and a relaxation frequency
which slows down to 2 x 108 Hz.%

First order Raman scattering in KTN and KLT revealed a
phonon softening; a minimum value of 1 cm ™! (~5 x 10!° Hz)
was reached close to 20 K in KTN. Polar microregions are
believed to be induced by randomly distributed, interacting off-
center ions in highly polarizable host crystals such as KTa05.%
An intense central peak was evidenced in the Raman spectra.®¢

Several disordered ferroelectrics have been described with
infrared and microwave spectroscopies. Overdamped modes
appear below the polar mode range (centimeter to submilli-
meter ranges). These modes are connected with strongly
anharmonic vibrations of some of the ions of nanosized
polar clusters.®’

A final example is the report of the submillimeter dielectric
response of a PLZT 9.5/65/35 relaxor thin film. Near room
temperature, the structure was described as a dense system of
uncorrelated dynamic polar clusters. A pronounced broad
dispersion was found below the soft mode response in the
10'°-10'> Hz range. The origin was attributed to volume
fluctuations of the polar nanoclusters (vibration of the charged
intercluster boundaries); flipping into different orientations of
these polar clusters was connected with the lower frequency
dispersion in the 10°~10® Hz range.®® Such wide band dielectric
spectroscopy has made it possible to identify two different
dispersion regions. Recent work has concerned microwave and
infrared studies on relaxor ferroelectric ceramics PLZT 8/65/35
and 9.5/65/35. The infrared spectra gave evidence of the
existence of polar nanoclusters. A softening of the lowest polar
mode was observed close to the temperature where the clusters
appeared. Below this temperature an additional strong
microwave dispersion appeared in the frequency range
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Fig. 23 Frequency dependences of ¢'; and ¢, of a PLZT8/65/35 ceramic
at various temperatures (@ experimental points, — theoretical
curves).®’

107-10"! Hz.* Fig. 23 represents the frequency dependence
of real and imaginary parts of the complex permittivity of
PLZT 8/65/35 at various temperatures. The values above
10'? Hz are taken from the fit of room temperature infrared
spectra.

Local spectroscopies such as infrared and Raman are thus of
particular interest in the investigation of local dynamic
disorder. Information on the nanometer scale, which is
useful in systems such as complex perovskites, has now been
obtained. In this way, the influence of impurities, composition,
and ionic ordering have been widely studied.”® 2

5. Conclusion

The various types of dielectric relaxations in octahedral-type
ferroelectrics have been presented. Links between the value of
the relaxation frequency, f;, and the scale of the defect have
been pointed out:

(1) Space charge relaxations (~10°-10° Hz) are related to
conductivity phenomena. Here the f; value is governed by
defect chemistry (charge carriers) which depends on synthesis
conditions (temperature, partial oxygen pressure, efc.).

(2) Domain wall relaxations (~10°>-10°Hz) are closely
connected to impurities and point defects.

(3) In relaxor ferroelectrics (~10°-10° Hz), the role of the
nanostructure has been underlined.

(4) High frequency relaxation (~10’-10'° Hz) is correlated
either to piezoelectric resonance of domains, or to a correlation
chain model.

The more the “defect” is spatially localized, the higher the
relaxation frequency is. The relaxation frequency thus appears
to be inversely proportional to the scale of the phenomenon at
the origin of the relaxation. Therefore, chemists can act on the
microstructure (heat treatment), the nanostructure (order—
disorder), or chemical bonding (composition), on one hand, to
induce a type of relaxation and on the other hand, to tune the
corresponding relaxation frequency. Such a predictive aspect
could be a precious tool in the field of research into new
materials for applications.
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