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The nonlinearity and subswitching hysteresis in hard and soft PZT
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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
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The dielectric nonlinearity (field dependence of permit-
ivity) and hysteresis in ferroelectric ceramics have been of
nterest since these materials found application in various
lectronic devices. Both hysteresis and nonlinearity are unde-
ired in high precision actuators and sensors. In most widely
sed ferroelectric materials, such Pb(Zr,Ti)O3 or PZT family,

he nonlinearity and hysteresis are primarily due to displace-
ent of domain walls.1 PZT ceramics are usually prepared
ith various dopants and additives that improve the electrical
roperties of the ceramics. Acceptor dopants render materi-
ls hard whereas donor dopants lead to soft materials.2 The
efects associated with dopants influence domain walls dis-
lacement and thus have an effect on the nonlinearity and
ysteresis. This is evident through presence of well known
inched hysteresis in hard ferroelectrics and square hysteresis

n soft materials. Most of the studies in the literature on this
ubject have been focused on large signal response (switch-

ng hysteresis). Such studies led to model of hardening in
hich polar defect dipoles orient along polarization vector

n individual domains effectively clamping domain walls.3 It

study can give valuable information on defect proce
in hard and soft materials. In particular we show
hardening effects can be relaxed by thermally disorde
defects and that under those conditions nonlinear beh
of hard ceramics is qualitatively similar to that of s
materials.

2. Experimental

The ceramic samples of Pb(Zr0.58Ti0.42)O3 were prepare
by conventional solid state process from oxide precur
The samples were doped with 0.1, 0.5 and 1.0 at.%3+

(hard materials) and 0.2, 0.5, and 1.0 at.% Nb5+ (soft ma-
terials). Dopants were added by mixing Fe2O3 and Nb2O5
oxides with PbO, TiO2 and ZrO2 precursors, assumin
dopants substitution on (Zr, Ti) site. The nonlinear die
tric response of the samples was investigated under
switching ac-fields using lock-in technique. The amplit
of the sinusoidal field applied to the samples varied f
s interesting that there are still no models that would con-
incingly explain mechanisms of softening in donor doped
aterials.
In this paper we show that dielectric nonlinearity and

sitive

0 to 5 kV/cm and its frequency was 1 kHz. The hysteresis
measurements were done using a charge amplifier and an
oscilloscope.

3
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ysteresis at subswitching (subcoercive) fields are sen
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. Results and discussions

In general the nonlinear polarization response to per
nput signal can be described by developingP(E, t) in a
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Fig. 1. Dielectric permittivityε1 derived from the first harmonic (a) and phase angle of the third harmonicδ3 (b) of the polarization response as a function of
driving ac-field amplitude (1 kHz) for Hard (Fe-doped), pure (undoped) and soft (Nb-doped) Pb(Zr0.58Ti0.42)O3 ceramics.

Fourier series. The resulting general function is:

P(E0, t) =
∑

n

P ′
n(E0) sin(nωt) + P ′′

n (E0) cos(nωt) (1)

where E0 is the amplitude of the driving field,Pn are
Fourier coefficients and components of the complex per-
mittivity are defined byε′

n(E0) = P ′
n(E0)/E0, ε′′

n(E0) =
P ′′

n (E0)/E0. Fig. 1a, which showsε1 =
√

(ε′
1)2 + (ε′′

2)2 =√
(P ′

1)2 + (P ′′
2 )2/E0 demonstrates clearly that the nonlinear-

ity of the dielectric response continuously increases as the
dopants type and concentration are changed from 1% Fe via
undoped samples to 1% Nb. This result is expected and has
been discussed by many authors.4–6 While Fig. 1a shows the
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.

It has been shown7,8 that the subswitching polarization
hysteresis and nonlinearity in materials whose response is
dominated by domain walls displacement in a medium with
randomly distributed pinning centers can be described by
Rayleigh relations:

P(E) = (εinit + αεE0)E ± αε

2
(E2

0 − E2) (2)

ε(E0) = εinit + αεE0 (3)
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formalism.9 In those cases, the hysteresis can still be de-
scribed by Eq.(2) if parameterα is replaced byα∗

ε . The link
between hysteresis and nonlinearity indicated by relations (2)
and (3) (or their modifications) is one of the most important
implications of the Rayleigh law.

Interesting properties of Rayleigh relations can be ob-
tained from the expansion of Eq.(2) into Fourier se-
ries considering polarization response to periodic signal
E=E0 sin(ωt):

P(t) = (εinit + αεE0)E0 sin(ωt) − 4αεE
2
0

3π
cos(ωt)

−4αεE
2
0

15π
cos(3ωt) + 4αεE

2
0

5π
cos(5ωt) + · · · (4)

Note that only odd harmonics are present and that all non-
linear components are quadratic with field and are out-of-
phase with the driving sinusoidal signal. This means that,
for ideal Rayleigh response (perfectly random distribution
of pinning centers), every nonlinear displacement of domain
walls is hysteretic. An experimental consequence of this is
that all higher harmonics in (4) have phase angle±90◦. The
behavior of real ferroelectric materials often deviates from
the ideal Rayleigh behavior, but relationship between hys-
teresis and nonlinearity still holds. When this is the case (α

i -
l n-
g
o ma-
t that
p uted
b inter-
n n a
r ith
o ing
hereεinit designates the value of dielectric permittivitε
t zero field andαε is called the nonlinear dielectric coe
ient. These relations are valid only in the case of perfe
andom distribution of the properties of pinning centers
omain walls. When this distribution is not random (as u
lly is the case) the linear relationship (3) must be replace
dditional termsε(E) = εinit + αεE0 + βE2

0 + γE3
0 + . . . =

init + α∗
ε (E0)E0. The physical justification of these ad

ional terms is easily seen in the framework of Preis
n Eqs.(2) and(3) must be replaced byα* ) the in-phase non
inear components will appear in Eq.(4) and the phase a
le of higher harmonics will no longer be 90◦. But in many
ther cases, including hard ferroelectric ceramics, the

erial response is clearly non-Rayleigh. It is most likely
inning centers in hard ceramics are not randomly distrib
ut are arranged in such a way to lead to an apparent
al bias field.3 In this case domain walls do not move i
andom potential, but, ideally, in a deep potential well w
nly one minimum.10 In such ideal case and at subswitch
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Fig. 2. Effect of field amplitude cycling on the phase angle of the third har-
monic (δ3) of the polarization response for hard Pb(Zr0.58Ti0.42)O3 ceramics
doped with 0.1 at.% Fe.

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,δ3, of hard and soft PZT ceramics are shown onFig. 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 δ3 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

Fig. 3. Phase angle of the third harmonicδ3 (a), dielectric permittivityε1 derived fro
ac-field amplitude (1 kHz) and hysteresis loops corresponded to thermally qu
m the first harmonic (b) of the polarization response as a function of driving
enched (c) and aged (d) hard (1 at.% Fe-doped) Pb(Zr0.58Ti0.42)O3 ceramics.
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harmonic response as the field is increased. It is interesting
to notice, that while pure and soft ceramics demonstrate
similar dependence ofδ3 on increasing and decreasing field
amplitude, for hard material the field dependence ofδ3 is
quite different for increasing and decreasing fields. InFig. 2
the results of the field cycling are shown for a sample doped
with 0.1% Fe. This figure demonstrates that applied electric
field as well as time during which the field is applied changes
the properties of this material. This may be consequence
of well known aging-deaging effects in hard ferroelectric
ceramics.3,11

The defect-controlled domain pattern in hard PZT can be
destabilized by thermal quenching. The dependences of the
dielectric permittivity (ε1) and phase angle of the third har-
monic δ3 on field amplitude for thermally quenched (disor-
dered pinning centers) and aged (ordered pinning centers) in
hard PZT ceramics are shown inFig. 3a and b along with
related hysteresis loops. The thermal quenching leads to an
increase of the nonlinearity of dielectric permittivity and also
affectsδ3. After quenching the hysteretic, out-phase com-
ponent, is dominant in the third harmonic response. As ex-
pected, in quenched samples the hysteresis and nonlinearity
are found to be relatively well described by corresponding
Rayleigh relations (Fig. 3a and c). This is not the case for the
aged hard ceramics (Fig. 3b and d) where the hysteresis cal-
culated from nonlinearity using Eqs.(2)and(3) is larger than
a arity
i
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experiments. Hard ceramics with thermally disordered
pinning centers behave qualitatively as soft materials.
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