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Dispersive polarization response of ferroelectric PZT ceramics is analyzed assuming the

inhomogeneous field mechanism of polarization switching. In terms of this model, the local

polarization switching proceeds according to the Kolmogorov-Avrami-Ishibashi scenario with the

switching time determined by the local electric field. As a result, the total polarization reversal is

dominated by the statistical distribution of the local field magnitudes. Microscopic parameters of this

model (the high-field switching time and the activation field) as well as the statistical field and

consequent switching time distributions due to disorder at a mesoscopic scale can be directly

determined from a set of experiments measuring the time dependence of the total polarization

switching, when applying electric fields of different magnitudes. PZT 1Nb2Sr ceramics with Zr/Ti

ratios 51.5/48.5, 52.25/47.75, and 60/40 with four different grain sizes each were analyzed following

this approach. Pronounced differences of field and switching time distributions were found

depending on the Zr/Ti ratios. Varying grain size also affects polarization reversal parameters, but in

another way. The field distributions remain almost constant with grain size whereas switching times

and activation field tend to decrease with increasing grain size. The quantitative changes of the latter

parameters with grain size are very different depending on composition. The origin of the effects on

the field and switching time distributions are related to differences in structural and microstructural

characteristics of the materials and are discussed with respect to the hysteresis loops observed under

bipolar electrical cycling. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4860335]

I. INTRODUCTION

A constitutive feature, that distinguishes a ferroelectric

from a non-ferroelectric piezoelectric material, is the property

that by means of sufficiently high temporary electric fields a

persistent remanent polarization can be induced, which can be

reversed when electric fields in the opposite direction are

applied. The dynamics of the switching process is an impor-

tant element in the description and understanding of ferroelec-

tric materials which is relevant to microelectronic1 and

micromechanical2 applications. Two basic concepts describ-

ing mechanisms of the polarization reversal behaviour have

been established. The Kolmogorov-Avrami-Ishibashi (KAI)

type based models stress the time dependence of the (micro-

scopic) processes underlying the polarization switching which

occurs uniformly in a system subject to the mean electric

field.3–10 Nucleation and growth of reversed domains are

alternatively considered to both require time to become effec-

tive for domain switching and related polarization reversal.

The second concept favours models, comprising the statistical

approach,11–20 which are based on the assumption that condi-

tions for switching given by the local environment are differ-

ent in different areas of the ceramics, which leads to a

distribution of switching times. The feature common to these

models can be summarized by the intrinsic randomness (IR)

of the local conditions for switching. The first consistent for-

mulation of the latter approach called the nucleation limited

switching (NLS) model was suggested by Tagantsev et al.11

The main difference between the distinct statistical IR

models is the degree in which they try to trace back the ran-

domness to their physical origin, which may be either due to

differences in the intention or to different stages of develop-

ment of the models. The original NLS model, in accordance

with the label “non-Kolmogorov-Avrami switching kinetics”

used in the title of the pioneering publication, in first instance

seems to be designed to show that there are alternatives to the

KAI model, which match the experimental observations much

better than the KAI model. In this model, the randomly distrib-

uted variables are the switching times with the physical origin

of their randomness left as a completely black box. In the

follow-up publication,21 however, the same group considered a

surface-stimulated nucleation mechanism of reverse domains,

characteristic of the film geometry, which results in an expo-

nentially wide distribution of waiting times, the term coined by

Tagantsev et al.11 In the works,12,19,22 local random electric

fields due to randomly distributed point or dipole defects were

considered as a reason for the different local switching condi-

tions. Accordingly, the Lorentzian distribution of local random

fields was used to describe the polarization reversal in thin fer-

roelectric films.12,16,17 Alternatively, a Gaussian distribution of

local random fields was applied to describe the dispersive
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polarization response of bulk ferroelectric ceramics.23 Further

development of the IR approach resulted in a concept, named

the inhomogeneous field mechanism (IFM) model,15,18 which

leaves the form of the statistical field distribution a priori

unspecified, while at the same time it provides a calculation

scheme which allows for the computation of this distribution

from the experimental data. In contrast to the other IR mod-

els,12,16,17,19 the IFM model tries to relate the non-uniform

switching behaviour to the random spatial distribution of the

applied electric field. This procedure provides a chance to iden-

tify patterns in the field distributions that are typical for specific

structural and microstructural features or the materials state

and to correlate the shape and parameters of the field distribu-

tion with the materials characteristics. Additionally, this analy-

sis allows for the investigation of the microscopic

characteristics of the local polarization switching, such as the

dependence of the local switching time sðEÞ on the value of

the local electric field E. The other details of the microscopic

switching process are neglected in the IMF model by assuming

that switching of a local region occurs instantly as soon as the

poling time exceeds respective sðEÞ. An essential limitation of

the IMF concept15,18 and of the other IR models12,16,17,19 is

that the spatial random field distribution is assumed to be static

thus neglecting contribution of the time-dependent depolariza-

tion fields which develop in the course of polarization switch-

ing. Recent self-consistent simulations of polarization

switching in bulk polycrystalline ferroelectrics show, however,

that account of field-mediated polarization correlations leads to

a strong reduction of the local depolarization fields thus sup-

porting the static IMF concept.24

The long term objective of this approach is to reduce the

degree of randomness in the IR models by a stepwise integra-

tion of deterministic elements which describe relevant physical

effects on the local electric fields and which could, in principle,

be experimentally verified. The first attempt following the idea

to extract the field distribution from switching curves after

bipolar electrical fatigue and relating them to thereby initiated

cracks was attempted by Zhukov et al.14 A mathematically

more sophisticated approach was offered soon after15 being

able to analyse the conditions that give rise to the distribution

of fields by working out material specific differences within

the framework of a universal switching behaviour.18

The present paper addresses the identification of effects

of different crystallographic structures and a variation in grain

sizes on the field distribution and other switching parameters.

Within this work, switching experiments for tetragonal and

rhombohedral PZT 1Nb2Sr ceramics with grain sizes ranging

from 1 to 3 lm were performed. From the analysis following

the IFM model, the characteristics of the field distribution and

switching parameters depending on crystal structure and grain

size will be identified and discussed in terms of the mecha-

nisms leading to characteristic field distributions.

II. MATERIALS, EXPERIMENTAL DETAILS, AND DATA
EVALUATION

A. Materials fabrication and characterization

Lead zirconate titanate samples doped with niobium

and strontium corresponding to compositions Pb0.975Sr0.02

((ZrxTi(1�x))0.99Nb0.01)O3 (x¼ 0.515, 0.5225, and 0.60) were

prepared following a mixed oxide route25 by means of attri-

tion milling, drying the slurry in a rotation evaporator, and

sieving the powder mixture. After calcinations at 850 �C/2 h,

the powders were ball milled, dried, and finally sieved.

Ceramics were sintered at four different temperatures,

975 �C, 1000 �C, 1050 �C, and 1100 �C, in order to adjust the

grain size. Upper and lower temperature limit were given by

the conditions to produce sufficiently dense materials with-

out significant lead loss. Grain size and its dependence on

the sintering temperature were quite similar for all three

materials as demonstrated by SEM images (Leica Stereoscan

440) for the ceramics with the highest and the lowest

Zr-content (Fig. 1). With density and grain size ranging

roughly from 7.87 g/cm3 and 1 lm when sintering at 975 �C

FIG. 1. SEM micrographs of PZT 51.5/48.5 1Nb2Sr (a)-(d) and PZT 60/40 1Nb2Sr (e)-(h) sintered at different temperatures as indicated.
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to 7.76 g/cm3 and 3 lm when sintering at 1100 �C, both

microstructural characteristics match the scope of previously

analysed ceramics of the same type26 (Table I).

As evidenced by diffraction patterns recorded with a

Siemens D500 diffractometer at a wavelength of 1.5406 Å,

PZT 51.5/48.5 1Nb2Sr is tetragonal and PZT 60/40 1Nb2Sr

is rhombohedral. Only minor differences with sintering tem-

perature are detectable for these materials, as shown for the

111 and 200 reflections for sintering temperatures of 975 �C
and 1100 �C (Fig. 2). In the diffraction patterns of the PZT

52.75/47.25, one observes besides the typical tetragonal

peaks additional diffraction intensity located in between the

tetragonal 002 and 200 peaks, differing from those of the tet-

ragonal microdomains. Several approaches have been

suggested in order to explain the origin of this diffraction in-

tensity: the presence of rhombohedral phase according to the

conventional understanding of the morphotropic phase

boundary (MPB),26–28 the presence of monoclinic phase29

and effects on diffraction patterns resulting from the pres-

ence of nanoscaled real structure30,31 as well as variations of

local lattice parameters owing to microstresses32 and chemi-

cal inhomogeneity have been discussed. For a comparable

PZT 1La material, the diffraction intensity between the tet-

ragonal peaks has been attributed to the presence of nano-

structured domains.31,33 The PZT 52.25/47.75 1Nb2Sr will

be referred as t-morphotropic in the text.

For the polarization switching experiments, disks are cut

from the inner parts of a 9 to 10 mm diameter sintered body

and were grounded and polished to 1.1 6 0.1 mm thickness.

Silver paint electrodes (Gwent) were applied on the faces

and fired at 600 �C maximum temperature. Related bipolar

polarization curves are presented in Fig. 3. High field electri-

cal cycling experiments were carried out in a custom made

measurement device for polarization and strain measure-

ments.34 The polarization and strain loops of the PZT

1Nb2Sr ceramics under bipolar electrical cycling at 25 mHz

up to 3 kV/mm are shown in Fig. 3. With higher Zr-content,

remanent polarization Pr increases, whereas coercive field Ec

decreases (Figs. 3(a)–3(c)). For each composition, the char-

acteristics of the polarization loops follow the same trend

depending on grain size. Both, coercive field Ec and

TABLE I. Mean grain size and densities of PZT 1Nb2Sr ceramics sintered

at temperatures 975 �C, 1000 �C, 1050 �C, and 1100 �C: specific composi-

tions and average data.26

PZT 1Nb2Sr 975 �C 1000 �C 1050 �C 1100 �C

Grain size lm lm lm lm

51.5/48.5 1.01 1.20 1.56 2.94

52.25/47.75 1.18 1.20 1.75 3.10

60/40 1.12 1.29 1.89 2.65

Averages 1.16 1.33 1.81 3.14

Density g/cm3 g/cm3 g/cm3 g/cm3

51.5/48.5 7.85 7.83 7.78 7.74

52.25/47.75 7.87 7.86 7.83 7.72

60/40 7.88 7.87 7.83 7.78

Averages 7.85 7.84 7.82 7.77

FIG. 2. X-ray reflections (111) (a) and (b) and (200) (c) and (d) of different

PZT as indicated.

FIG. 3. Polarization hysteresis (a)-(c) and strain (d)-(f) for different PZT

1Nb2Sr as indicated.
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remanent polarization Pr are lower for the ceramics with

large grain size. While the changes in remanent polarization

are quantitatively similar for all compositions, the effects of

grain size on coercive fields are different. The tetragonal and

t-morphotropic ceramics show only minor reductions in Ec

with increasing grain size, whereas there is a pronounced

decrease in Ec for the rhombohedral ceramics. Strain under

bipolar cycles is higher for the tetragonal and t-morphotropic

ceramics compared to the rhombohedral materials (Figs.

3(d)–3(f)).

B. Polarization switching experiments

The dynamic polarization measurements were carried

out in a custom made device, consisting of a loading and a

measurement circuit, which both had to be designed to allow

an analysis over measurement times ranging from 1 ls to

100 s. The loading circuit consists of a voltage supply sup-

ported by a 1 lF buffer capacitor. It is connected via a fast

push-pull switch from Behlke Co. (Germany) to the sample.

In the measurement circuit, the voltage on a capacitor

C0¼ 4.4 lF and a 133 X resistor both in series with the sam-

ple was recorded, using a high impedance amplifier

(>1011X) together with an oscilloscope (Tektronix TDS

510A). The time constant of the utilized electrical circuit

was calculated to be about 200 ns taking the ferroelectric

polarization of the sample into account. The resulting time

constant was shorter than the shortest voltage pulse applied

during the experiments. More details about the measurement

setup can be found elsewhere.14

The temporal response of the reversed polarization DP
at an applied electric field Em was determined in four steps.

At the first step, the sample was poled by a negative DC field

of 2 kV/mm (�2EC) for 300 s followed by a short circuiting

for 60 s assuring that the saturation polarization, PS, was

reached. At the second step, a positively directed switching

field Em was applied to the sample for a desired time t fol-

lowed again by short circuiting recording the accumulated

charge and therewith the electric displacement by the oscillo-

scope. During the third step, the sample was poled again for

300 s but this time by a positive DC field of 2 kV/mm to

achieve its saturated þPS state. At the final fourth step, the

forward poling on the fully poled sample was performed by

applying the positive field Em to the sample for a time period

t for the second time. The recorded apparent electric dis-

placement during forward poling contains all those compo-

nents which exist in the switching experiment (step two)

except for the switched ferroelectric polarization DP.

Therefore, the net switched polarization DP(Em, t) was cal-

culated as the difference between the electric displacement

values of switching and forward poling taken at time t after

application of the electric field Em.14

C. Data evaluation

The switching experiments provide a set of data

which—from a formal point of view—correspond to a point-

wise defined function DP Em; tð Þ with the applied field Em

and the observation time t varying over a wide field range

and time scale, respectively. Further data processing steps

outlined in the flow diagram of Fig. 4, are explained in the

following. One major objective of the calculation is to iden-

tify the statistical field distribution. Therefore, further analy-

sis starts with the representation DP Em; tð Þ, so the data are

displayed as a set of functions of the field Em with different,

but fixed t (the second step in the flow diagram). An impor-

tant role in this description of the switching behaviour is

given to Emax, the electric field, at which—considering the

fixed time—the maximum switching rate occurs. Emax is

determined from the normalized logarithmic derivative of

the functions DP Em; tð Þ with respect to Em (the third step in

the flow diagram)

DP�1
maxEm@DP Em; tð Þ=@Em � DP�1

max@DP Em; tð Þ=@lnEm; (1)

where DPmax presents, in fact, the saturated value of the rem-

nant polarization 2Pr .

The logarithmic derivatives for different fixed times

have a double functionality in the calculations. First, these

functions are used to check if the essential conditions for

applicability of the IFM model are fulfilled, i.e., the invaria-

bility (scaling) of the spatial field distribution with the level

of the applied electric field. Necessary condition for this

requirement is that the functions, when the field arguments

are reduced to their specific maxima EmaxðtÞ (the forth step

in the flow diagram), all coincide within experimental error

(ellipse area in the flow diagram), building thereby a dimen-

sionless master curve UðEm=EmaxðtÞÞ which can be regarded

as a fingerprint of the system (see the left-hand stream in the

flow diagram). Having a master curve established, the sec-

ond role of the logarithmic derivatives can be exploited.

Plotting the Emax values vs. the corresponding poling times t
determines an experimental law for the analytical fitting

(see the right-hand stream in the flow diagram). For the stud-

ied materials, the function of the form

EmaxðtÞ ¼ E0= ln t=s0ð Þ½ � 1=a (2)

FIG. 4. Flow diagram of the dynamic switching data processing.
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appears to be an adequate description so that the parameters

s0, a, and E0 can be determined by fitting the data set

EmaxðtÞð Þ. Having determined UðEm=EmaxðtÞÞ and the time

dependence of EmaxðtÞ in discrete or analytic form is suffi-

cient to describe the macroscopic polarization response of

the system18 by the following equation (the central rectangle

area in the flow diagram):

DP Em; tð Þ ¼ DPmax

ðEm=EmaxðtÞ

0

UðuÞdu=u: (3)

To get a deeper insight into the microscopic and macro-

scopic mechanisms of polarization switching, further infor-

mation can be extracted from UðuÞ and EmaxðtÞ. The

weighted statistical distribution of the local values of the

electric field E, normalized to the applied field f ðE=EmÞ
appears to follow directly from the master curve15,18 as

f ðsÞ ¼ s�1U 1=csð Þ (4)

(the rectangle area bottom left in the flow diagram).

Here, the coefficient c is a parameter of the theory which

can be determined from additional information on the sys-

tem. c has the meaning of a proportionality factor between

two characteristic fields EmaxðtÞ and EthðtÞ, namely

c ¼ EmaxðtÞ=EthðtÞ, where the first term is the before derived

maximum position of the logarithmic derivative of the total

polarization and the second one is defined as the solution of

the equation sðEÞ ¼ t with respect to E thus comprising the

microscopic switching mechanism. From the normalization

conditions imposed on the statistical distribution function

f ðsÞ, the parameter c can be determined as18

c ¼ hcos hi
ð1

0

du UðuÞ=u2 (5)

with hcoshi being the averaged polar angle of the electric

field directions with respect to the direction of the applied

field. The latter value cannot be separately determined from

measurements of the total polarization DP Em; tð Þ but can, in

principle, be estimated as hcoshi ¼ DPmax=2Ps if the sponta-

neous polarization Ps for a certain material is known, e.g.,

from measurements on single crystals or highly oriented thin

films. Since such knowledge on the present PZT 1Nb2Sr

materials is still missing, hcoshi will be set to unity in the

following analysis. As soon as the parameter c is obtained

(the last but one rectangle area in the left-hand stream in the

flow diagram), the field distribution (4) is known. The local

switching time dependence on the field can also be found by

solving the equation E ¼ EmaxðsÞ=c with respect to s using

the Eq. (2) (the last but one rectangle area in the right-hand

stream in the flow diagram) that results in a relation

sðEÞ ¼ s0 exp Ea=Eð Þa
� �

(6)

similar to the Merz law35 where an activation field Ea ¼
E0=c was introduced.

Knowledge of the two above dependencies f ðsÞ and

sðEÞ allows for the determination of the weighted statistical

distribution of switching times (the rectangle area bottom

right in the flow diagram)

QðsÞ ¼ E�1
m jds=dEj�1f ðE=EmÞ (7)

or more convenient distribution of the logarithm of switching

times GðlnsÞ ¼ s QðsÞ. With the help of this distribution of

times, the total polarization reversal can be represented, sim-

ilar to NLS approach,11 as superposition of local KAI-like

contributions5

pðt; sÞ ¼ 2Psf 1� expð� t=sð Þb Þg (8)

from spatial regions with different local switching times

DP Em; tð Þ ¼ hcoshi
ð1

0

ds QðsÞpðt; sÞ; (9)

where b is the Avrami constant consisting of integer values

corresponding to the dimensionality of the growing polariza-

tion domains5 (note the correction by the factor hcoshi with

respect to Eq. (19) of Ref. 18). In disordered systems exhibit-

ing the above mentioned scaling properties, Eq. (9) is

reduced to Eq. (3) by substituting the KAI function (8) with

the Heaviside function 2Pshðt� sÞ.

III. RESULTS

The raw data from the polarization switching experi-

ments for the PZT 51.5/48.5, PZT 52.25/47.75, and PZT

60/40 1Nb2Sr materials with four different grain sizes for

each composition are displayed by symbols in Figs.

5(a)–5(l). These diagrams show the time dependent changes

in polarization during polarization reversal when applying

different electric field strengths inverse to the initial poling

direction. In order to acquire data sets suitable for the above

analysis, the lower bound for the electric fields is determined

by the requirement to obtain a sufficient amount of switched

polarization within a reasonable experimental time interval.

Towards the upper field range, the time resolution of the ex-

perimental setup limits the poling field level to values, which

still allow for an evaluation of time profiles.

Consequently, the range of fields applied to the different

materials is adjusted to the material specific switching

behavior. Nevertheless, first characteristic features indicating

the differences in polarization reversal behavior between the

different investigated materials can already be recognized

from the polarization vs. time data in Figs. 5(a)–5(l) when

comparing (i) the polarization switching profiles of the dif-

ferent materials and grain sizes at the same field level or (ii)

considering the fields required for switching within a given

time range. Hereby a rough evaluation of the switching

behavior can be based on the data of the inflection points of

the polarization vs. time curves on logarithmic time scale.

As an example, a comparison of the time profiles for the

polarization switching at the same field level, namely

1.4 kV/mm, shows pronounced differences between the

materials: In the rhombohedral PZT 60/40 1Nb2Sr samples,

major changes in DP prevail within a time range of

014103-5 Zhukov et al. J. Appl. Phys. 115, 014103 (2014)
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1 ms–10 ms. The switching times required to provide similar

effects for the morphotropic and the tetragonal ceramics are

much longer amounting to 10 ms to 1 s and 100 ms to 100 s

for the PZT 52.25/47.75 1Nb2Sr and PZT 51.5/48.5 1Nb2Sr,

respectively. On the other hand, focusing, e.g., to the time

interval 1 ms to 100 ms, the fields required to result in pro-

nounced switching are 1.6 to 1.8 kV/mm, 1.4 to 1.5 kV/mm,

and 1.0 to 1.2 kV/mm for PZT 51.5/48.5 1Nb2Sr, PZT

52.25/47.75 1Nb2Sr, and PZT 60/40 1Nb2Sr, respectively.

Both results indicate that switching of the rhombohedral

PZT is much easier than for the other materials. Generally,

for all materials the switching times are reduced with

increasing applied electric field strengths. Comparing the

switching time behavior on grain size for a given composi-

tion, the effects are much weaker. There is a trend toward

decreasing switching times with increasing grain size, how-

ever, for a given composition and field the changes in

switching times remain within one order of magnitude.

While from the time profiles of polarization switching, some

first ideas on qualitative composition dependent differences

may be developed, a much more thorough evaluation accord-

ing to the above describes IFM model will deliver much

deeper insight.

Therefore, the data processing steps according to the

evaluation procedure described in Sec. II C are illustrated in

Figs. 6(a)–6(c) exemplarily for the PZT 51.5/48.5 1Nb2Sr

ceramic with the mean grain size of 1.01 lm sintered at

975 �C. First, the DP Em ¼ const; tð Þ data sets (Fig. 5(a)) are

converted to DP Em; t ¼ constð Þ and shown in Fig. 6(a). The

normalized logarithmic derivative DP�1
max@DP Em; tð Þ=@lnEm

from Eq. (1) derived by finite differences from the above dis-

crete data for different observation times is presented in Fig.

6(b). This data representation shows that an electric field

EmaxðtÞ at which the maximum switching rate occurs exhibits

a monotonic time dependence, whereby the lower the time t
under consideration, the higher is the electric field Emax

required for the maximum switching rate. All maxima

thereby reach the same level within the experimental error as

can be seen in Fig. 6(b). Plotting the normalized derivatives

from Fig. 6(b) vs. the scaled field E=EmaxðtÞ as depicted in

Fig. 6(c), it becomes apparent that all norm derivatives at a

given pulse duration time t coincide for different values of t.
Thus, the conditions for applicability of the IFM model

according to Genenko et al.18 are fulfilled and the further

analysis can be based on the master curves UðuÞ defined by

the scaled logarithmic derivatives DP�1
max@DP Em; tð Þ=@lnEm

as a function of E=EmaxðtÞ. The master curve behavior of the

normalized logarithmic derivatives holds for each material

class even for the different grain sizes; however, no universal

master curve is obtained for all materials.

The respective results for UðuÞ are shown in Fig. 7.

Depending on the Zr-content of the PZT, there are

FIG. 5. (a)-(l) Switched polarization DP versus poling time t for different applied fields as indicated: PZT 51.5/48.5 1Nb2Sr with grain size: 1.01 lm (a),

1.20 lm (b), 1.56 lm (c), and 2.94 lm (d); PZT 52.25/47.75 1Nb2Sr with grain size: 1.18 lm (e), 1.20 lm (f), 1.75 lm (g), and 3.10 lm (h); PZT 60/40 1Nb2Sr

with grain size: 1.12 lm (i), 1.29 lm (j), 1.89 lm (k), and 2.65 lm (l). Symbols correspond to the experimental results while the solid lines represent the field-

related IFM model calculations by Eq. (3).
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pronounced differences in level and shape of UðuÞ.
Characteristic features of the master curves for PZT

51.5/48.5 1Nb2Sr and 52.25/47.75 1Nb2Sr are their rela-

tively broad distribution and low values for their maxima

located by definition of this function at u ¼ 1. In contrast,

the UðuÞ of the rhombohedral PZT 60/40 1Nb2Sr

extends over a much smaller range with maximum values

being roughly twice the values of the tetragonal and

t-morphotropic materials. The full width at half maximum

(FWHM) for the PZT 60/40 1Nb2Sr is less than 0.125,

whereas for PZT 52.25/47.751Nb2Sr and PZT 51.5/48.5

1Nb2Sr the FWHM amounts to approximately 0.175 and

0.225, respectively. While there are pronounced differences

with the Zr-content, at given composition, UðuÞ for different

grain sizes remains essentially the same as can be seen in

Fig. 7.

In Fig. 8, the characteristics of the sðEÞ dependence of

Eq. (2) with a¼ 1 are shown. The fields at which maximum

switching rate occurs are generally higher for the tetragonal

PZT 51.5/48.5 1Nb2Sr and the PZT 52.25/47.75 1Nb2Sr

than for the rhombohedral PZT 60/40 1Nb2Sr. While for the

PZT 51.5/48.5 1Nb2Sr, Emax is not very sensitive to the var-

iations in grain size, the materials with higher Zr/Ti ratio

show a clear correlation of Emax decreasing with grain size

increase. Most pronounced, in the rhombohedral PZT 60/40

1Nb2Sr ceramics, the difference in Emax between fine and

coarse grained ceramics under fast switching conditions (i.e.,

high fields corresponding to short poling times) amounts up

to 0.3 kV/mm. Under low field conditions (and correspond-

ing high poling times), the difference between the fine and

the coarse grained material reduces to less than half of this

value. A similar trend with respect to the grain size depend-

ence of Emax vs. t, even though quantitatively much less pro-

nounced, holds also for the PZT 52.25/47.75 1Nb2Sr. For

the PZT 51.5/47.5 1Nb2Sr, the differences with grain size

are too small to conclude effects from consideration of their

EmaxðtÞ plots. The results for the parameters s0, Ea and

DPmax when fitting the Emax vs. t data according to Eq. (2)

are shown in Fig. 9. The high-field switching times s0 are in

the range of 10�11 s to 10�10 s for all materials. A trend com-

mon for all compositions is the decrease in the time s0 with

increasing grain size. While for the PZT 51.5/48.5 1Nb2Sr,

FIG. 6. Switched polarization vs. applied field Em (a), normalized logarith-

mic derivative (b) and scaled normalized logarithmic derivative (c) at differ-

ent poling pulse durations as indicated for the PZT 51.5/48.5 1Nb2Sr

ceramic with the grain size of 1.01 lm.

FIG. 7. Master curve U(u) for PZT 1Nb2Sr ceramics with different grain

sizes as indicated: (a) PZT 51.5/48.5, (b) PZT 52.25/47.75, and (c) PZT

60/40.
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s0 is reduced only very slightly along with increasing grain

size, the decrease of s0 with grain size is very pronounced

for the PZT 52.25/47.75 1Nb2Sr and PZT 60/40 1Nb2Sr.

The activation fields Ea decrease with increasing Zr content

of the PZT from 33 kV/mm for the PZT 51.5/48.5 1Nb2Sr to

25 kV/mm for the PZT 60/40 1Nb2Sr.

While Ea remains almost independent from grain size

for the tetragonal and the t-morphotropic PZT 1Nb2Sr, the

data for the rhombohedral materials show a distinct trend of

decrease in the activation field with increasing grain size.

The switchable polarization DPmax increases with Zr-content

from roughly 60 lC/cm2 for the PZT 51.5/48.5 1Nb2Sr to

70 lC/cm2 and 80 lC/cm2 for the PZT 52.25/47.75 1Nb2Sr

and PZT 60/40 1Nb2Sr, respectively. For all compositions, a

slight decrease in DPmax with grain size was detected.

The local field distributions for the PZT 51.5/48.5,

52.25/47.75, and 60/40 1Nb2Sr materials determined by

Eq. (4) are presented in Fig. 10. These statistical field distri-

butions indicate marked differences depending on the Zr-

content in the materials. While broad distributions, spanning

over a reduced field E=Em range from roughly 0.625 to 1.25

with FWHM of dE/Em¼ 0.146 and 0.107 were calculated for

the PZT 51.5/48.5 and 52.25/47.75 1Nb2Sr materials, the

width of the local field distribution is much narrower for the

PZT 60/40 1Nb2Sr, extending from 0.75 to 1.125 with

FWHM of dE/Em¼ 0.056 only. There are only minor effects

of grain size on the local field distributions. For the PZT

52.25/47.75 and 60/40 1Nb2Sr, the local field distribution

functions almost coincide for all four levels of grain size. In

the PZT 51.5/48.5 1Nb2Sr, the shape of the distribution

remains essentially the same independent of grain size, how-

ever, in these materials calculations revealed slight shifts of

the distributions which were not monotonic with increasing

grain size.

The switching time distributions, Eq. (7), restored via

the statistical field distributions, Eq. (4), and the local

switching time dependence, Eq. (6), with a¼ 1 are given in

logarithmic representation G lnðs=s0Þð Þ ¼ sQðsÞ in Fig. 11

exemplarily for a field level of 1.5 kV/mm. The distribution

of switching times is much narrower for the rhombohedral

PZT 60/40 1Nb2Sr than for the tetragonal and the t–morpho-

tropic materials. When evaluated on the logarithmic scale,

the width of the distribution ln(smax/smin) increases from 2.3

to 4.7 and 12.0 with decreasing Zr-content. Different behav-

ior dependent on the Zr-content was also calculated with

FIG. 8. Emax versus poling time t for PZT 1Nb2Sr ceramics with different

grain sizes as indicated: (a) PZT 51.5/48.5, (b) PZT 52.25/47.75, and (c)

PZT 60/40.

FIG. 9. Polarization switching characteristics for different PZT 1Nb2Sr as

indicated: (a) activation field, (b) switching time and (c) polarization DPmax.

Symbols correspond to the experimental data, whereas the dashed lines are

guide for the eye.
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respect to the grain size dependence of the switching time

distributions. While the shape of the distributions remains

essentially unaltered by grain size, there seem to be shifts on

the time scale. In PZT 51.5/48.5, 52.25/47.75 1Nb2Sr mate-

rials exhibit only very slight inconsistent shifts of the time

distributions.

In contrast to that, the rhombohedral materials show

pronounced monotonic grain size dependence with respect

to the time scale of the switching time distributions, shifting

the maximum of the G lnðs=s0Þð Þ distribution from approxi-

mately 18 to 16. With account of respective s0 magnitudes

from Fig. 9(b) this corresponds to the change of the maxi-

mum position of G lnðs=s0Þð Þ from s ¼ 2� 10�3 s to s ¼
8� 10�5 s.

IV. DISCUSSION

Comparison of experimental results with formula (3)

displayed by solid lines in Figs. 5(a)–5(l) exhibits good

agreement with the dynamic switching data for materials of

all compositions and grain sizes. However, the macroscopic

and microscopic characteristics underlying the theoretical

curves are remarkably distinct for different materials

depending on both crystallographic symmetry of the studied

compounds and their microstructural characteristics like

grain size.

A. Variation of field distributions due to
crystallographic features

One of the most interesting results derived from the

experiments and the IFM analysis is the pronounced differ-

ence in the scope of field strengths at which switching occurs

depending on composition as indicated by the shape and

width of the master curve U uð Þ (Fig. 7) and the statistical

field distribution f ðsÞ (Fig. 9). While for rhombohedral PZT

1Nb2Sr ceramics, the distribution is quite narrow, for tetrag-

onal compositions the polarization switching extends over a

wide field range. Thus, starting point for the discussion will

be a brief reconsideration of the crystallographic and dielec-

tric characteristics of tetragonal and rhombohedral PZT,

before analyzing their effects on the field and time

distributions.

Two major differences in crystallographic characteris-

tics between tetragonal and rhombohedral materials are the

number of polarization axes and the lattice distortion, i.e.,

the relative differences between the lattice constants in polar-

ization direction compared to the nonpolarized direction.

FIG. 10. Local field distributions for PZT 1Nb2Sr ceramics with different

grain sizes as indicated: (a) PZT 51.5/48.5, (b) PZT 52.25/47.75, and (c)

PZT 60/40.

FIG. 11. Switching time distributions at Em¼ 1.5 kV/mm for PZT 1Nb2Sr

ceramics with different grain sizes as indicated: (a) PZT 51.5/48.5, (b) PZT

52.25/47.75, and (c) PZT 60/40.
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There are 6 permissible polarization directions in the tetrago-

nal PZT, whereas in the rhombohedral there are 8. The lat-

tice distortion (c/a - 1) for tetragonal PZT is approximately

2%, whereas the corresponding value for rhombohedral PZT

is only 0.7%.36 Both small lattice distortion and high number

of permissible polarization directions favor enhanced switch-

ing in rhombohedral PZT. Another parameter which distin-

guishes the two materials is the dielectric anisotropy, which

is much lower in the rhombohedral PZT as is reflected by the

properties of the dielectric tensor eik. For example, the pa-

rameter of the anisotropy e11=e33 amounts to 4.5 for the tet-

ragonal 50/50 PZT composition but abates to 1.8 for the

rhombohedral 60/40 composition.37

These distinct features should have a great impact on the

electrodynamic behavior of the compositions of different

symmetry and on the distribution of electric fields. A thor-

ough analysis of the impact of orientation distributions and

dielectric anisotropy in polycrystalline PZT on the field dis-

tribution and their effects on polarization switching will be

very complex; therefore, the discussion here is focused on

the polarization switching behavior of specific orientations.

B. Comparison of switching in ceramics and oriented
thin films

Although no switching data on single crystal PZT are

available, important issues can be learned from measure-

ments on highly oriented thin PZT films available for

many compositions.38–42 As well as in the case of (bulk) sin-

tered PZT ceramics,43 dielectric constant and electrical cou-

pling in thin PZT films exhibit maximum for compositions

near the MPB between the tetragonal and rhombohedral

phases.38–41 Thereby epitaxially grown thin films

(200–300 nm) of {001} orientation possess a minimum value

of the spontaneous polarization Ps at MPB39 while the

{111}-oriented films display maximum Ps and the remnant

polarization Pr at MPB40,41 thus revealing a great impact of

texture on the ferroelectric properties. There are some dis-

crepancies concerning the high-field saturated values of the

spontaneous polarization Ps and the coercive field Ec in

{111}-oriented films. From P-E-hysteresis loops at a fre-

quency of 20 Hz and the maximum electric field strength of

25 kV/mm, strongly composition dependent Ps and Pr as

well as the minimum value of Ec at MPB are reported by

Oikawa et al.40 On the other hand, P-E-hysteresis loops at

the frequency of 1 Hz with the maximum electric field

strength of 40 kV/mm reveal that the saturated value of Ps is

composition independent, while Ec demonstrates monotonic

decrease from the tetragonal towards the rhombohedral side

as reported by Gerber et al.41 The P-E-hysteresis loops

become thereby increasingly slanted that means a decreasing

Pr/Ps-ratio and smearing of the switching process on the field

scale. Generally, smaller anisotropy and smaller lattice dis-

tortion facilitate easier domain reversal, which results in

smaller coercive field strength Ec. Unique electromechanical

and dielectric properties of PZT films around MPB are

believed to be mostly determined by {111}-oriented

domains.40 An increasingly slanted form of the P-E loops for

higher-Zr compositions was also observed by Jo et al.42 at

the measuring frequency of 2 kHz where it was related with

generally easier switching at higher Zr contents.

The studied PZT ceramics exhibit both similar and dis-

tinct features with respect to thin oriented films. First note a

distinct variation of polarization loops in the two materials:

in the film case, they become more and more slanted with

increasing Zr content while in the doped PZT ceramics they

get a more rectangle form (Fig. 3). A related distinct feature

is the behavior of the remnant polarization Pr. The high-field

saturation value of Ps in oriented films is independent of

composition and, hence, of the material symmetry though Pr

in samples with higher Zr content are smaller due to back

switching of the spontaneous polarization.41,42 The latter

property is not retained in Nb-Sr doped ceramics which ex-

hibit an even more rectangular form of the loops for higher

Zr content. Thereby the remnant polarization Pr remarkably

increases with the higher Zr content (Fig. 9(c)). The differen-

ces in the polarization behavior between the mostly {111}

oriented thin films and the polycrystalline PZT 1Nb2Sr

ceramics may arise from different origins. First, the non-

180� domain wall motion is inhibited in thin films41 whereas

pronounced switching of this type occurs in the ceramics.

Thus, the contributions from non-180� switching may

account for the composition dependent differences in Ps in

the ceramics. Second, in thin films, stresses from the sub-

strate are present.39 These stresses, being high enough to

influence even lattice parameters,39 may be a major reason

for the pronounced backswitching behavior and slanted

polarization loops in thin films.

Another property, namely the reduction of the coercive

field Ec with increasing Zr content is common for films and

the present doped ceramics. Generally, high Zr containing

rhombohedral materials in both film and ceramic forms ex-

hibit a higher ratio of switched unit cells than tetragonal

ones.44,45 This is in favor of a narrower spatial distribution

of principal axes of the random dielectric tensor eik which

approaches a uniform tensor and, consequently, produces a

more uniform spatial field distribution. The latter is

described by a statistical field distribution as in Fig. 10(c)

which is narrower than those for the more tetragonal compo-

sitions in Figs. 10(a) and 10(b). Another reason for increas-

ing homogeneity of the electric field with increasing Zr

content on the rhombohedral compositional side is the above

mentioned reduced anisotropy of the dielectric properties.

Note that field and time distributions in the doped PZT

ceramics exhibit different changes with compositional varia-

tion than the {111}-oriented PZT films.42 In films, both dis-

tributions become broader with increasing Zr content, that

might be related to the above mentioned substrate effect,

while in bulk samples they get narrower as is illustrated by

Fig. 12. Differently from Jo et al.,42 it is concluded that eas-

ier switching observed in both film and bulk samples with

increasing Zr content is rather related to the decrease of the

coercive field in both materials than to the variation of the

switching time distribution. Generally, broadening of the

switching time spectrum can hardly be interpreted as easier

switching behavior since in this case a substantial part of the

material consequently switches at very long poling times.

Figure 12 clearly shows that switching times in the
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rhombohedral sample are by orders of the magnitude smaller

than those in tetragonal ones even with the same grain size

for the same applied field. At the same time, the distribution

of switching times is much narrower in the rhombohedral

case.

C. Grain size effect on macro- and microparameters of
switching

The tetragonal and t-morphotropic compositions reveal

only minor variation of the field and switching time distribu-

tions (Figs. 10(a), 10(b), 11(a), and 11(b)) with variation of

the grain size. In contrast, rhombohedral materials exhibit

monotonic reduction of the switching times with increasing

grain size (Fig. 11(c)) though the corresponding statistical

field distribution remains stable (Fig. 10(c)). This transforma-

tion clearly correlates with the corresponding reduction of the

coercive field (Fig. 3) and the activation field Ea notable in

Figs. 8(c) and 9(a). The latter may be explained by a higher

sensitivity of the activation barrier to the grain size due to pin-

ning at grain boundaries.46 This barrier, related to the coercive

field,47,48 is apparently smaller in rhombohedral compositions

(Fig. 3) due to the larger number of spatial polarization direc-

tions and the considerably smaller lattice distortion.41 On the

other hand, an enhanced clamping of the domain walls known

in PZT ceramics with reduced grain size46,49,50 may become

influential compared to the smaller activation barrier; an effect

less noticeable in predominantly tetragonal materials with

higher switching barriers.

D. Direct and indirect ferroelastic effects on
polarization switching

By both, the small lattice distortion and the higher num-

ber of permissible polarization directions enhanced

switching in rhombohedral PZT is favored as discussed

before. Although it is tempting to attribute the slower polar-

ization process in the tetragonal PZT directly to the more dif-

ficult switching, care has to be taken to rely on this

argument. The most pronounced differences in switching

conditions depending on lattice parameter and more permis-

sible switching directions result from mechanical stresses,

which occur in particular for non-180� switching. Non-180�

switching is the origin of changes in remanent strain after

poling and therefore is in the focus of interest when consider-

ing the poling strain.

Contrary to that, a correlation between crystallographic

characteristics and polarization changes has to take the con-

tribution of both non-180� and 180� switching to polarization

into account. There are two reasons that underline the quanti-

tative importance of 180� switching with respect to its

effects on polarization. First, the changes in polarization are

higher for 180� switching than for non-180� switching.

Moreover, the volume fractions of domains subject to 180�

switching are considered much higher than those subject to

non-180� switching.45,51 The second point to be considered

is the dependence of 180� polarization switching on the ori-

entation of the domains. The driving force for switching the

spontaneous polarization is related to the angle between the

field vector and the vector of the spontaneous polarization.

The higher the spontaneous polarization component inverse

to the field direction, the higher is the switching rate.52

Antiparallel orientations of a field vector and a spontaneous

polarization vector imply high energy, so the release of this

energy promotes the 180� switching.

As a consequence of the orientation dependence of 180�

switching, the texture (i.e., the alignment of domains) in the

poled state influences the macroscopic scale 180� switching.

The 180� switching will be easier, if most domains are ori-

ented close to antiparallel to the external field. A tentative

explanation for the differences in polarization switching

between tetragonal and rhombohedral PZT can be given

based on the different degrees of domain alignment in the

poled state. The theoretical distribution of orientations in a

maximum poled rhombohedral PZT ceramics exhibit a nar-

rower angular distribution of orientations than a tetragonal

PZT. In the tetragonal PZT, the orientations lie within a con-

ical angular range with a polar angle / ¼ arcsinð
ffiffiffiffiffiffiffiffi
2=3

p
Þ ¼

54:7� whereas in the rhombohedral PZT maximum poling

results in orientations within a conical angular range with

/ ¼ ð1=2Þarccos 1=3ð Þ ¼ 35:3�.45 The differences in align-

ment of the domains between tetragonal and rhombohedral

PZT will be even larger for the real poling state because of

built-in electromechanical fields developing in a ferroelectric

material as a result of the spatial electromechanical coupling

of grains.53 As evidenced from in-situ X-ray diffraction data,

the distributions of orientations of domains after poling are

much closer to the theoretically complete alignment for the

rhombohedral than for the tetragonal PZT. Qualitatively, the

higher degree of alignment can be also derived from the

degree of poling which compares the theoretically calculated

maximum poling strain.45 The poling degree of tetragonal

PZT 52.5/47.5 1La2Sr ceramics close to MPB is 0.26,

whereas for PZT 55/45 1La2Sr, a material neighboring the

FIG. 12. Polarization switching distributions for different PZT 1Nb2Sr

ceramics sintered at 975 �C as indicated: (a) local field distributions, (b)

switching time distributions.
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rhombohedral side of MPB the poling degree is 0.65.36

Owing to the higher alignment of domain orientations result-

ing for a higher poling degree, the polarization switching dis-

tributions will be narrower.

With respect to a comparison between tetragonal and

rhombohedral PZT, the major impact on polarization behav-

ior is supposed to be related to these differences in alignment

of domains in the poled state. However, the results on grain

size dependence of the polarization behavior indicate that

there are also other important factors of influence. In spite of

higher poling degrees as indicated by the higher remanent

strain26 for fine grain sized PZT 1Nb2Sr, the polarization is

faster for the coarse grained ceramics within each composi-

tion. Both, the differences in remanent strain and time behav-

ior of polarization switching are, however, comparatively

low. Therefore, the influence of grain size dependent field

inhomogeneity, arising from the conditions at the grain

boundaries may become more important. The misalignment

of the neighboring grains with different orientations of the

dielectric tensor as well as intergranular stresses lead to local

modifications of the electric field vector. This together with

the direct pinning of domain walls at grain boundaries affects

the switching behavior in the grain boundary region.53 In the

fine grained ceramics, the volume fraction subject to this dis-

tribution of local fields will be higher. Thus, grain size de-

pendent differences in polarization behavior may originate

from the increasing field inhomogeneity caused by the large

fraction of grain boundary area in fine grained ceramics.

Summarizing, the crystallographic characteristics of

rhombohedral and tetragonal PZT cause different non-180�

domain switching behavior owing to differences in associ-

ated mechanical stresses. In part, direct ferroelastic effects

via enhanced non-180� domain switching contribute to the

easier macroscopic polarization reversal of the rhombohedral

PZT. However, more important for the macroscopic polar-

ization reversal may be 180� switching, which depends on

the initial configuration of the domains in the poled state.

The alignment of domains in the remanent poled state—

which again depends on ferroelastic characteristics—is

higher for rhombohedral than for tetragonal PZT and thus

provides more favorable conditions for 180� switching. This

influence of the ferroelastic characteristics on polarization

switching via 180� switching is an indirect one: they influ-

ence the texture of the domains, which in turn governs the

180� switching behavior.

V. CONCLUSIONS

In this experimental and theoretical study of polariza-

tion dynamics of PZT 1Nb2Sr ceramics of different crystal-

lographic and microstructural properties, the questions

what effects have the symmetry of phases and grain sizes

on switching dynamics in different compounds have been

treated. To this end, switching of spontaneous polarization

was measured well below and above the respective coer-

cive fields of different samples in the time domain between

1 ls and 100 s. Implementation of the IFM model of polar-

ization switching allows insight in both macroscopic and

microscopic characteristics of the polarization reversal.

Statistical distributions of the local electric field values

proved to be weakly dependent on the mean grain size but

strongly dependent on the symmetry of the materials. Thus,

in rhombohedral compositions—less anisotropic than tet-

ragonal ones and possessing more options for polarization

orientation—the field distributions become much narrower

promoting more uniform spatial field distribution. This was

followed by much more concentrated statistical switching

time distributions. The latter distributions are also strongly

affected by microscopic switching parameters such as the

high-field switching time and the activation field. Both pa-

rameters were found to be remarkably smaller in more

rhombohedral compositions exhibiting more pronounced

descending grain size dependence. This results in a remark-

able difference in switching time distributions making

rhombohedral compositions two orders of the magnitude

faster than tetragonal ones. Differently from the typical

slanted polarization loops exhibited by thin oriented ferro-

electric films of rhombohedral symmetry, the present doped

PZT 1Nb2Sr ceramics reveal rectangular polarization loops

for all compositions even more pronounced in the rhombo-

hedral case. Although tetragonal materials are typically

chosen for FeRAM applications for their high and stable re-

manent polarization Pr,
41 in the case of Nb-Sr doped mate-

rials the most suitable composition for this application

seems to be the rhombohedral 60/40 one for its highest Pr

magnitude and remarkably faster switching.
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