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Abstract

Nonlinear dielectric response of soft and hard PZT is experimentally studied at subswitching conditions. The correlations between defect
disordering and parameters of nonlinear dielectric response and hysteresis are demonstrated and discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction to presence of softening and hardening defects and that their
study can give valuable information on defect processes

The dielectric nonlinearity (field dependence of permit- in hard and soft materials. In particular we show that

tivity) and hysteresis in ferroelectric ceramics have been of hardening effects can be relaxed by thermally disordering

interest since these materials found application in various defects and that under those conditions nonlinear behavior

electronic devices. Both hysteresis and nonlinearity are unde-of hard ceramics is qualitatively similar to that of soft

sired in high precision actuators and sensors. In most widely materials.

used ferroelectric materials, such Pb(Zr, T3)@ PZT family,

the nonlinearity and hysteresis are primarily due to displace-

m_ent of_domain walld. PZT c_e_ramics are usually prepare_d 2. Experimental

with various dopants and additives that improve the electrical

properties of the ceramics. Acceptor dopants render materi-  Tne ceramic samples of Pb(zsTio.42)Os Were prepared

als hard whereas donor dopants lead to soft mayezrrﬁhe by conventional solid state process from oxide precursors.

defects associated with dopants influence domam wa]ls dis-The samples were doped with 0.1, 0.5 and 1.0at.9% Fe

placement and thus have an effect on the nonlinearity and(hard materials) and 0.2, 0.5, and 1.0 at.%Ntsoft ma-

hysteresis. This is evident through presence of well known terials). Dopants were added by mixing;Fs and NBOs
pinched hysteresisin hard ferroelectrics and square hysteresigijes with PbO, Ti@ and ZrG precursors, assuming

in soft materials. Most of the studies in the literature on this dopants substitution on (Zr, Ti) site. The nonlinear dielec-
subject have been focused on large signal response (switChgic response of the samples was investigated under sub-
ing hysteresis). Such studies led to model of hardening in gitching ac-fields using lock-in technique. The amplitude
which polar defect dipoles orient along polarization vector ¢ the sinusoidal field applied to the samples varied from

in individual domains effectively clamping domain wadlét 0 to 5kV/cm and its frequency was 1kHz. The hysteresis

is interesting that there are still no models that would con- ,aasurements were done using a charge amplifier and an
vincingly explain mechanisms of softening in donor doped oscilloscope.

materials.
In this paper we show that dielectric nonlinearity and

hysteresis at subswitching (subcoercive) fields are sensitive ) )
3. Results and discussions

* Corresponding author. Tel.: +1 21 693 5869. In general the nonlinear polarization response to periodic
E-mail addressmaxim.morozov@epfl.ch (M. Morozov). input signal can be described by developiR¢E, t) in a
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Fig. 1. Dielectric permittivitys; derived from the first harmonic (a) and phase angle of the third harndgiiix) of the polarization response as a function of
driving ac-field amplitude (1 kHz) for Hard (Fe-doped), pure (undoped) and soft (Nb-doped) B4i(i8r12)O3 ceramics.

Fourier series. The resulting general function is: formalism? In those cases, the hysteresis can still be de-
, . y scribed by Eq(2) if parametew is replaced byr}. The link
P(Eo, 1) = Z P,(Eo) sin(uwt) + P, (Eo) coswr) 1) between hysteresis and nonlinearity indicated by relations (2)
" and (3) (or their modifications) is one of the most important

where Eg is the amplitude of the driving fieldP, are implications of the Rayleigh law.

Fourier coefficients and components of the complex per- Interesting properties of Rayleigh relations can be ob-

mittivity are defined bye)(Eo) = P, (Eo)/Eo, €, (Eo) = tained from the expansion of Ed2) into Fourier se-

P/(Eo)/Eo. Fig. 1a, which showss; — /(8,1)2+(8g 2 _ rEle_sEcgrns(ldt()e.rmg polarization response to periodic signal
=k wt):

\/ (Pi)2 + (Pé’)Z/Eo demonstrates clearly that the nonlinear- 2

ity of the dielectric response continuously increases as the p(;) = (ginit 4 o Eo) Eo Sinwt) — Aore E cosr)

dopants type and concentration are changed from 1% Fe via 3

undoped samples to 1% Nb. This result is expected and has 4015E3 4068E%

been discussed by many authtréWhile Fig. 1a shows the ~ 15, °0s(@1)+ —— coS(3wr) + - (4)
permittivity of the response measured at the first harmonic it

is interesting to look at information that can be obtained by

analyzing other nonlinear parameters.

Note that only odd harmonics are present and that all non-

. . linear components are quadratic with field and are out-of-
It has been show/i? that the subswitching polarization b d

hvst . q i ity | terials wh . phase with the driving sinusoidal signal. This means that,
ysIeresis and noniineartty In materials Wnose response 15, e 5 Rayleigh response (perfectly random distribution
dominated by domain walls displacement in a medium with

7 o . of pinning centers), every nonlinear displacement of domain
randomly d'St.r'bUted pinning centers can be described by walls is hysteretic. An experimental consequence of this is
Rayleigh relations:

that all higher harmonics in (4) have phase ang8§°. The

e e o 2 behavior of real ferroelectric materials often deviates from
P(E) = (einit + o EQ) E & 2 (Eo — 9 ) the ideal Rayleigh behavior, but relationship between hys-
e(Eo) = €init + e Eo 3) _tere5|s and nonlinearity still holds. W*hen thls is the case (
in Egs.(2) and(3) must be replaced by ) the in-phase non-
whereeijnir designates the value of dielectric permittivity linear components will appear in EG) and the phase an-

at zero field andy, is called the nonlinear dielectric coeffi- gle of higher harmonics will no longer be Q@®But in many
cient. These relations are valid only in the case of perfectly other cases, including hard ferroelectric ceramics, the ma-
random distribution of the properties of pinning centers for terial response is clearly non-Rayleigh. It is most likely that
domain walls. When this distribution is not random (as usu- pinning centers in hard ceramics are not randomly distributed
ally is the case) the linear relationship (3) must be replaced by but are arranged in such a way to lead to an apparent inter-
additional termg(E) = &jnit + o Eo + ﬂE(Z) + yEg +...= nal bias field® In this case domain walls do not move in a
einit + i (Eg) Eo. The physical justification of these addi- random potential, but, ideally, in a deep potential well with
tional terms is easily seen in the framework of Preisach only one minimumt? In such ideal case and at subswitching
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Fig. 2. Effect of field amplitude cycling on the phase angle of the third har-
monic §3) of the polarization response for hard PhyfZgTig 42)O3 ceramics
doped with 0.1 at.% Fe.
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weak fields, the displacement of domain walls in hard ce-
ramics is nonlinear but essentially anhysteretic. Thus, clear
relationship between nonlinearity and hysteresis that exists
in Rayleigh-like systems is lost in hard ceramics. In the case
of ideal hard ceramics the phase angle of all higher harmon-
ics is 180 i.e., nonlinearity does not lead to hysteresis. It is
clear that the properties of all real materials lay somewhere
between these two extreme cases.

The experimental values of phase angles of the third har-
monic,§3, of hard and soft PZT ceramics are showri-amn 1b
for increasing and decreasing field amplitude. For simplicity
we neglect behavior below threshold field that is evident for
most of the samples below approximately 0.5 kV/cm. In the
very hard material (1% Fe), and for increasing field, the third
harmonic response is predominantly in-phase with the field
in quite wide range of ac-field amplitudes. This behavior cor-
responds to an ideal hard sample. Undoped and soft samples
show 83 varying around—90°. One slightly hard sample,
doped only with 0.1% Fe, demonstrates the transition from
predominantly in-phase to predominantly out-phase third
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Fig. 3. Phase angle of the third harmoéiqa), dielectric permittivitye; derived from the first harmonic (b) of the polarization response as a function of driving
ac-field amplitude (1 kHz) and hysteresis loops corresponded to thermally quenched (c) and aged (d) hard (1 at.% Fe-depgd@iloRb@s ceramics.
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harmonic response as the field is increased. It is interestingexperiments. Hard ceramics with thermally disordered

to notice, that while pure and soft ceramics demonstrate pinning centers behave qualitatively as soft materials.

similar dependence @ on increasing and decreasing field

amplitude, for hard material the field dependencépfs

quite different for increasing and decreasing fields=i 2 Acknowledgements
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