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Theoretical and experimental investigations of polarization switching in ferroelectric materials
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The polarization switching process is certainly the most important feature of ferroelectric materials from
fundamental as well as practical points of view. In this paper, a one-dimensional lattice model is presented in
order to describe the polarization switching process in ferroelectric materials, incorporating the contribution of
both dipolar defects and depolarizing fields to the domain reorientation. The influence of the interaction
strength between switchable dipoles and dipolar defects, the medium viscosity, the depolarizing fields, and the
frequency of the external electric field on the polarization switching were simulated. It was found that the
degree of interaction between domains and dipolar defects has a strong influence on the coercive field, polar-
ization, and backswitching behavior. Through an adequate analysis of the variables in the model it was also
possible to describe the evolution of the polarization switching with the number of electric field cycles, which
is commonly observed in the fatigue or depinning process. Comparison between simulated and experimental
results revealed a remarkable concordance.
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[. INTRODUCTION upper limits, because they do not consider some factors that
can limit the domain reorientation as, for example, depolar-
Undoubtedly, the most interesting feature of ferroelectricizing fields®!® Thus, these constraints must be taken into
materials is that its spontaneous polarization can be reversegtcount in the theoretical analysis in order to obtain a more
continuously under a high bipolar electric fidldDver the realistic ferroelectric model.
last years, significant experimental and theoretical advances The conventional theory-experiment basis for scientific
have been reached in the ferroelectricity field, allowing us taesearch has been expanded to include computer simulation,
understand and predict several ferroelectric properties. Thesghich is an increasingly important component of many re-
advances are fundamental to understanding the mechanisrggarch lines. In the last decades several models, based on a
involved in the polarization switching process in order to Landau-type transition, have been reported to explain the
produce high quality materials, mainly those related toswitching properties of ferroelectric materials. For instance,
memory devices. o Ishibashi and co-worket$ 22 proposed a phenomenological
According to Fatuzzo and co-workeré the polarization ;6 gimensional model based on the free energy, assuming
switching mechanisms for BaTg3ingle crystals involve the 4 o) sites in the lattice have the same interaction coeffi-

nuqleat|()||r1 oftgnuplz\';llrallelthd?malnsbal_’ld trlle'r gerWtht bly do- ient between the nearest neighbor dipoles. This model has
main wall motion. NEVErineless, obviously real Crystals anty, ., 5 pe helpful in representing uniaxial ferroelectrics

ceramics are not perfect and infinite and, consequently, thﬁ‘]at contain only 180° domain and domain walls. In addition
polarization switching is strongly influenced by the presence X '

of defects and surfacésEocusing specifically upon defects in real experiments there are multiple nucleation events, thus
they may be basically classified in two groups, i.e spa’c he classical nucleation and unrestrictedly grow of domains

charge$® and dipolar defects(also called complex WOUI% not be valid, as proposed recently by Tagantsev
defect3,®” which induce significant and, mainly, opposite et _al. Although thes_e models have _furnlshed a good quali-
influences on the switching propertf&s® For instance, it tative _accordance with some experimental _re_sults, none of
has been experimentally shown that dipolar defects act natdbem is adequate to describe the characteristics of polariza-
rally as pinning points for the domain rotation, resulting in tion switching and its evolution with the number of electric
lower polarization and coercive field values compared to thdield cycles observed in polycrystalline ferroelectrics con-
defect-free casg® On the other hand, the progressive losstaining impurities. Therefore, a more general model, which
of the switchable polarization after continuous switchingtakes into account the influence of several constraints such as
cycles is related to space charges, mainly oxygen vacanciedefects and depolarizing fields, is necessary in order to rep-
Indeed, for most ferroelectric samples in the virgin stateresent properly the polarization switching process.

these vacancies are distributed randomly into the bulk and In this paper, a phenomenological model that describes
can be considered as uncorrelated point deféctSNever-  both the fundamental characteristics of domain switching
theless, it has been proposed that continuous polarizatiosnd the influence of defects and depolarizing fields on the
switching induces their gradual ordering in two-dimensionalpolarization switching behavior. Simulated and experimental
planar arrays parallel to the electrodes, resulting in a pinningesults are compared and discussed based on the influence of
of the domain wall$?***>Additionally, lower values have defects, viscosity and restoring force on the domain dynam-
also been found for the polarization as well as for the strairics. The paper is organized as follows. Sections Il and Il
induced by electric fieff in relation to those predicted contain the theory and the experimental procedure, respec-
theoretically"*® However, theoretical predictions are strictly tively, while the theoretical results as well as the discussions
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1.0 - - dipoles. In this sense the model can be used to describe the
— Switchable Dipoles behavior of a three-dimensional lattice.

U Fixed Dipoles It is assumed that each site in the lattice is influenced not
£ 05 only by the external electric field and the interaction between
§_ the first neighbors, but also by the instantaneous total polar-
-g ization of the whole lattice, which cause a delay in the time
b1 0.0 dependence orientation of each dipole. In this way, the time
2] dependence of the projection of each dipole in the lattice,
§ under an external electrical field, is governed by the Landau-
5 -0.5 Khalatnikov equatioff
o
. dpy —

W T 23 456789101 Yat - dp, MonTLeN @

Position in Lattice (arb. units) . . . - . —.
wherey is the viscosity coefficienty is a constant an® is
FIG. 1. Schematic representation of the ferroelectric systenthe average instantaneous total polarizatimacroscopic po-
showing the interaction between the switchable dipole-switchabldarization, given by
dipole (x,) and the switchable dipole-fixed dipol&y).

N
are presented in Sec. IV. Finally, concluding remarks are P:nzl Pn(t). )
given in Sec. V.

The equation of motion for the dipolé&q. (2)] was in-
Il. THEORY tegrated numerically using the predictor-corrector method of
' fifth order. Periodic boundary conditions were imposed.
The model consider an one-dimensional lattice with  Simulations of systems consisting =250, 500, and 1000
sites where each site has a dipole momgntIn the case of dipoles with different amounts of latent nuclél () but al-
a second order phase transition, the total free energy of th@ays maintaining the same percentage of latent dipoles were
lattice is expressed &5 done in order to analyze the size effects. It was verified that
the results were independent of the system size. The maxi-
Ny, 8 « mum percentage of latent dipoles studied whiS/N
f=> —pi+—pi+ 2 (Pn—Pn_)?—pnel, (1) =6.5%. Therefore, the simulations reported here were per-
=1 (2 4 2 formed for a system consisting &f=250 dipoles. The ex-
ternal electric field applied was given B~ ey sin(wt), o
where « and 8 are the Landau coefficients, which describebeing the frequency of the applied electrical field. In the next
the second order ferroelectric-paraelectric phase transitioection, we discuss the influence of the variaiNés y, «,,
and «,, is the interaction coefficient between the first neigh-Kb, andX\, and the frequency of the external electrical field
bors. Among all dipoles in the lattice it is considered thatin the ferroelectric properties as a whole.
there areN’ fixed ones not switchable, called latent dipoles
or simply latent nuclei that are randomly distributed in the
lattice. It is possible to relate these fixed dipoles to nucle-
ation seedsdipolar defects present in the material, as will Pb(Zr, 53, Tig.47) O3 bulk ceramics were prepared by con-
be shown later. The amount of positive and negative latententional oxide mixing process and doped with either
nuclei in the lattice is the same, which can assume onlyl-wt. % Nb,Os (softer or donorsor Fe0O; (hardener or ac-
valuesp,=1 andp,<-—1. ceptors, hereafter labeled as PZTN and PZTF, respectively.
In this model we consider two different interaction coef- Fe,0; was added in the PZT to form dipolar defe¢tdso
ficients. If the first neighbor of a switchable dipole is anothercalled complex defectslue to the association of the acceptor
switchable dipole it is assumed that the interaction coeffiatom (Fé") with the oxygen vacancies (¥0), which in
cient between them is, . However, if the first neighbor of a the virgin state are aligned parallel to the polar direction of
switchable dipole is a latent nucleggositive or negative the domaing:” The precursor oxides were mixed in ball mill,
the interaction coefficient ig,,. In this way, it is possible to dried and calcined at 850 °C for 3.5 h. Discs shaped samples
discriminate systematically the interaction between switchwere sintered at 1250 °C in a saturated PbO atmosphere.
able dipole-switchable dipole and switchable dipole-latentScanning electron micrographs showed that the average
nucleus. Figure 1 represents schematically the interaction begrain size is 3.Qum. The sintered samples 17 mm in diam-
tween different dipoles. In a ferroelectric material the swit-eter were polished, and after that they were heat treated at
chable dipole can hardly change its magnitude, but it can fligg00 °C for 30 min to release stress induced during the pol-
under the influence of an external electrical field. Thus, in théshing and to remove organic materials. Silver paint was used
proposed model the variation of the dipole moment of theas electrode.
switchable dipole with time must be understood as the pro- For the characterization of the transient current, a set up
jection of a rotating dipole in a plan parallel to the latent constituted by a symmetrical dc sourcel500 and 1500 Y

I1l. EXPERIMENTAL PROCEDURE
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and a resistor R=20 k)) in series with the sample was
constructed. In parallel with the resistor were connected an
oscilloscope (Tektronix-model 223P and a voltmeter
(GB8050A. Both were interfaced with a microcomputer
where the data could be stored. The oscilloscope measure
shorter times (30@s<t<80 ms), while the voltmeter mea-
sure longer timest(80 ms) for the transient current. The

external electric field was previously applied on the samples ) sk . .
for 30 min, after that it was inverted with the aid of a manual g """"""" T g ]
switch. Thus, the transient current was measured as a func- s 10 k { E
tion of the time until a steady state current to be detected. In 85 -~ 7" AR E E
order to estimate thRC charging(C-sample capacitanger =) R |
nonswitching current contribution to the total current, two :_/ 0 I [ 3
consecutive pulses of the same polarity were applied on the SE e ey
samples. The pure current related to the ferroelectric polar- e 1
ization reorientation was computed subtracting the no- § 1r 1
ferroelectric switching currentRC) in all measurements. A ” ”
Sawyer-Tower circuit was used for the ferroelectric hyster- '§ 0

esis characterization. The resistive branch of the circuit is >

composed by two resistors &=22 M) andr=30 k(). In
serie with the sample is found a capacitor@& 10 uF. A L L L L
triangular electric field of 25 kV/cm was applied on the 0.0 0'2t' 04 0'6b O'S.t 10 12
samples in a frequency range from 10 mHz to 1 Hz, and both ime ( arb. units)

samples were immersed in silicone oil. Comparison between T T T T T
results from both techniques revealed a remarkable accor-
dance. As the results from the transient current are free from
parasitic components, it is clear that the hysteresis loop mea-
surements really represents the true ferroelectric information.
All measurements were made at room temperature. More
details about the experimental procedures to produce and to -300

characterize the samples were described in details in previ- e 16

ous work<>11:28 Q 15 ' ........ s 7
S or h ', ]
£ s (T

IV. RESULTS AND DISCUSSIONS So K l
A. Theoretical results S [ [
Let us first analyze the response of the system to a pulse -5 : ——— :

of an external electrical field. Starting with the system nega- = 1t i

tively polarized, two pulses of 58 arbitrary units in width g ” H

and 250n arbitrary units separated from each other were : 0

applied. Figure @) shows the applied electric pulse, the re- H .

sponse currenfshifted from each other by 10 arbitrary o -l 1

units) and the polarization as function of the time for a sys- . . . . .

tem with N’=10 latent dipoles,y=1.0x10"8, x,=5, A 00 02 04 06 08 10 12

=0.018,a=—1, andB=1 and several values of the inter- time ( p arb. units)

action coefficientxy,. It is verified that for higherx, the o ) )
saturation polarization is smaller, being reached slowing. Af- FIG. 2. (8) Response current, polarization, and applied electric
ter the removal of the electrical field a gradual decrease dPUIS€ dependence with time for several values of the interaction
the polarization with time is observed, however, having dif_cpefﬂmentxb. ) Respon_se current, polarization, and applle_d elec_-
ferent ratios depending og . It is noticed that smallek tric pulse dependence with time for several values of the fixed di-
. P 9 Ok o b poles,N’.
result in a smaller and faster polarization decay. An opposng '
behavior is noticed for higher values gf . In addition, Fig.
2(b) shows the results obtained for several concentrations of The effect of the parametar; the inclusion of an internal
latent dipoles,N’ and for y=1.0x108, x,=5, xk,=2.5, electric field that comes from the total polarization of the
A=0.018, «=—1, and B=1. These data reveal similar material[Eq. (2)], is illustrated in Fig. 3. The effect of the
changes in comparison to those obtained considering diffeiinternal field is to cause a decrease in the polarization of the
ent values for the interaction coefficient, as presented in systen?> so the saturation polarization, remanent polariza-
Fig. 2(a). tion, and coercive field decrease whe# 0. Another impor-
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FIG. 3. (a) Dependence of the parameterin the hysteresis

loop. (b) Same asa) but for normalized polarization. FIG. 4. Simulated hysteresis loop dependence(@nseveral

values of the interaction coefficiert,, and(b) the number of fixed

tant effect due to the inclusion of this term in the equation ofd”ooIes ).

motion is that the saturation polarization is reached more ) N

smoothly and the most dramatic change in the susceptibilitfo=0-12. The results are displayed in Figab The data
(dP/de) is observed. Thus, with the inclusion of the param_show that both the normalized coercive field and the normal-

eter \ the hysteresis loop is no longer square shaped a€ed remanent polarization increase with the increase of the
observed in the PZTF in its virgin state. As we will see laterifequency. The effect of the viscosity coefficient on the hys-

this result is very important in order to reproduce experimen{€resis loops is shown in Fig.(15. The importance of the
tal hysteresis loops, result that we could not fit only with theISCOSIty of the medium has been already considered theo-
other parameters. ret|_call_y and expe_nmentally to explz_iln some polarization
The influence of the interaction coefficiert, and the SWitching properties such as switching _“2'%2_ and
number of latent dipolesN') on the ferroelectric hysteresis self-heating: Comparing Figs. &) and §b) it is curiously
loop is shown in Figs. @) and 4b), respectively. The hys-
teresis loops were normalized to the maximum polarization
(P/Pg) and maximum electric fielde{ey,,)- It is clear that
the ferroelectric characteristics are strongly dependent on
both parameters«, andN'). The data reveal that increasing
the fraction of N’ or increasingx, leads to a remarkable
decrease in the remanent polarization as well as in the coer-
cive field. Therefore, as observed in Fig. 2, the number of
latent dipoles and the}, values produce similar effects on
the ferroelectric properties. From the experimental point of
view, the amount of latent dipoleN() can be associated
with the amount of dipolar defects introduced by doping in a
ferroelectric material. On the other hand, the absolute values
of the interaction coefficienk,, can be related to the relative
orientation between the dipolar defects and the domains in
the material'! This will be discussed in detail in the next
section, where theoretical and experimental results will be
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compared. o
It is also found that the viscosity coefficiefy) and the q0f == | | 267

frequency of the electric fieltlv) have a significant influence 1'0 0'5 o 05 1o

on the ferroelectric characteristics. The simulations of the 3 e - S 1l
- ) Normalized Electric Field

frequency dependence of the ferroelectric properties were

performed in a frequency range from 1 to 3 Hz. The adopted FIG. 5. (a) Frequency dependence of the ferroelectric hysteresis

parameters were,=4, k,=4,N’' =10, y=1.47X 10 2, and  loop. (b) Hysteresis loop dependence on the viscosity coefficignt,
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verified that an increase in the viscous coeffici@mtviscous Pb(Zt 53, Tig4) O3 bulk ceramics doped with 1-wt. %
force) is analogous to an increase in the frequency of theyp,0O. (softer-PZTN and FeO; (hardener-PZTF?” which

it is reasonable to consider a viscous fof®&), which is ~  Figyre ga) shows the hysteresis loop dependence with
proportional to domain speed, acting contrarily to the domalr}requency for PZTN in the virgin state, while Figith shows

motion. Additionally, a restoring forcéRF) acts on the do- the respective normalized curveB/@ S vs eley,,,). We can

mains forcing the non-180° domains to return to their equi- C
i " S “"see a well-saturated loop, which is strongly frequency depen-
librium position?® Therefore, the coercive field may be in- P gly freq y dep

i ; dent. At lower frequencies the PZTN reaches higher polar-
terpreted as an effective field necessary to overcome thf%ation values and lower coercive field. Analogously, Figs
resistance forces (VFRF) during the polarization switch- ' 9 Y, FIgS.

ing. Consequently, at higher speeds, which means higher fre6—(c)|."’m(;j Gd) show the hyslter?ss klloolgzr_le_:;ullts ﬁnd the nfor-
guencies, the viscous force increases the coercive field si nalized curves, respectively, for the In the same fre-

nificantly. However, at lower frequencies, when the velocitydU€ncy range butin the fatigued _steitebgwhich was induced by
of the domains is low, the viscous force may be neglected@ Continuous polarization switching {0 cycles). As pro-
and, therefore, the coercive field is reduced. On the otheP@S€d in some works, it is possible to suppose that the re-
hand, during the removal of the electric field, domains tend?€ated switching of the polarization induces a continuous
to return partially to their minimum energy configuration due Motion of the oxygen vacancies in the PZTN, thus resulting
to the restoring forcdthe backswitching effegt Then, at M thelr§zcllgstermg and, consequently, inducing a fatigue
higher frequencietfaster electric field removathe viscous ~Process:”™ The data reveal that at lower frequencies the
force makes the return of the domains to their equilibriumPZTN always reaches both higher polarization and lower co-
position difficult, because the viscous force and the restorin§'cive field values independently of the fatigued state. How-
force have opposite directions, thus decreasing the percerfVe': in relation to the virgin state, the fatigued one shows a
age of backswitching. Nevertheless, at lower electric field2rg€ increase in the coercive field as well as a remarkable
frequenciegslower electric field removathe domains move eduction in the polarization values. Figurea7shows the
slowly to their equilibrium position. As a result, the viscous NySteresis loop behavior for the PZTF measured in the virgin
force may be neglected and, consequently, only the restoringfat€ (@nnealed stajeand during a continuous polarization
and electric forces act on them. Therefore, at lower frequensWitching, while Fig. Tb) shows the respective normalized
cies, when the viscous force may be neglected, the domairfd!"ves. The frequency dependence of the normalized hyster-

relax by longer time increasing considerably the percentag@Sis 100p for depinned PZTtafter 10 cycles) is shown in
of backswitching. Fig. 7(c). It is observed that, remarkably, all features ob-

served experimentally in the hysteresis loop measurements
can be fully reproduced by the proposed model. These par-
allels are now discussed.

In order to validate the proposed model, we will compare It is verified that the PZTF in the virgin state presents an
our theoretical results with some typical experimental ferro-unsaturated and constricted hysteresis loop, which is related
electric properties of hard and soft ferroelectric materialsto the presence of the complex defects {Fa/0? ) 8101
Typical example of materials belonging to these classes arm the virgin state these defects are aligned along the polar

B. Comparison between simulated and experimental results

064117-5



A. PICININ, M. H. LENTE, J. A. EIRAS, AND J. P. RINO PHYSICAL REVIEW B9, 064117 (2004

30 . . . NS ESS S ML B

(a)' ) g 1o0f simulated ]
“g 15| PZTF g [ o Experimental
— N L
% g 05F h
=] 0 — I
2 p°.4 1 j’i
g [
g 1-) virgin - 0.0
=15 2-) 1% depinning 0[3] L ’fﬁ!
= 3-) 2™ depinning o= [
4-y 3" depinning §-0_5 B J
230 . . L L L
-30 20 -10 0 10 20 30 I
Electric Field (kV/cm) Zo Lok (a) ]
§ 1.0t (b) 4 . g 1o 5
=1 B
S osf AT 2 ] 8 I
- / .[S 0.5 N 1
= Z4 — 8
g < oof
g 2-) 1% depinning Q F
Z 3-) 2™ depinning E
-1.0f : ‘ 4‘-)3"’dq7inninlg‘ E-O.S - b
-1.0 -0.5 0.0 0.5 1.0 [
Normalized Electric Field © [
Z.10F ]
1

-0.5 0.0 0.5 1.0

—
<
T

C© ' -] -1.0
g PZTF Normalized Electric Field
8 05} (depinned) _ . . . .
E FIG. 8. Comparison of the simulated results with experimental
& 00 hysteresis loop shown in Fig(h) for (a) second depinning an)
B | Moy third depinning processes.
= -05| 100mHz J
g 1Hz
8 Increase of . . . . .
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Normalized Electric Field for ky, furnish a well-saturated loop with low backswitching

and a high coercive field, being similar to those observed for
the PZTN, where complex defects are supposed to be absent.
On the other hand, larges, values give a nonsaturated hys-
teresis loop with high backswitching and low coercive field,
which is completely similar to the experimental data ob-
direction of domain reducing sensibly the polariza- served for the virgin PZTF. Nevertheless, we can see that the
tion switching and the coercive field compared to the comyradual domain depinning process in the PZHg. 7(b)],

plex defect-free case, as observed for the PZTN. Neverthgynere the relative orientation between domains and complex

less, it has been proposed that under high bipolar electrigefects goes from parallel to perpendicdfal is totally

fields the complex defects are forced to realign perpendicuaqivalent to a gradual decrease in the interaction coefficient

Ia_rly to the pgllal\;glcr:ect|on of dt(I)malns, thui s;?rtl_ng adep|_n-Kb in the model[Fig. 4(b)]. The theoretical limit case is
fing process. onsequentl, a remarkablé Increase n,, ., Ky, tends to zero, which experimentally may be related

the polarization as well as in the coercive field is observed, = . :
A L o to either a sample without complex defeé¢esg., PZTN or
which is characteristic of a depinning procésss observed . ;
to one whose defects are oriented perpendicularly to the do-

in Fig. 7(b). Therefore, comparing the similarity between themains[e.g., the depinned PZTF in Fig(df].

data contained in Figs. 4 andbj it is possible to associate di ) ¢ del with th . |
the experimental and theoretical data, associating dipolar de- A diréct comparison of our mode with the experimenta
Its can be done. Fixing=1.47x10"°, k,=12, e,

fects with the latent nucleifixed dipoles. Obviously the eSu
switchable dipoles in the model must necessarily be related 0-10, ©=2, a=—1, and=1, the parameters, and \

to the ferroelectric domains. Consequently, we can give d/ere fitted to experimental curves for PZTF and an excellent
clear physical meaning to the coefficients and x, pro-  agreement is achieved as seen in Fig. 8. For virgin samples
posed in the model, as follows. It is reasonable to expect thawe havex,=12 and\ =0.11, and after the sample has been
the interaction between switchable dipole-switchable dipoleslepinned (after 10 cycles), we obtaink,=10 and A

is different from the interaction between dipolar defect-=0.018. Curiously enough, comparing the results in Figs.
switchable dipoles. Therefore, the coefficiaptproposed in  6(b) and 7c), it is noticed that the hysteresis loop for the
the model can be related experimentally to the interactiolPZTF after the depinning process is similar to the hysteresis
strength between dipolar defects and switchable dipoleybserved for the PZTN.

FIG. 7. (a) Hysteresis loop behavior for PZTF measured in the
virgin state and during continuous polarization switchifig. The
respective normalized curve®{Ps vs e/eya) . (C) The frequency
dependence of the hysteresis loop for PZTF.

é(’),ll,29
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Focusing on the coercive field, the theoretical results 10° .
show that highek,, reduces the energy barrier of the system,
thus reducing the coercive field as a whole, as observed ex-
perimentally in Fig. 7a) or 7(b) for the virgin PZTF. It is
also noticed that for lowek,, the rate of polarization reori-
entation,dP/de at e, (coercive field, is much higher than
that observed for highek,. In other words, neag; the
slope of the hysteresis curve is higher. It means that for lower
Ky, it is possible to visualize the polarization switching as a
collective motion of domainghomogeneoys whereas for
larger ky, it occurs graduallyinhomogeneoys This fact is
theoretically explained in the model considering that the hin- 10* 107 10° 10 10*
dering of switchable dipoles in the neighborhood of positive/ Time (s)
negative fixed dipoleglatent nuclei is higher, thus being
reoriented only at much higher fields. On the other hand, the £ 9 Time dependence of polarization for PZTN and PZTF
dipoles situated far away from the fixed dipoles are practiyyring and after the removal of the electric field.
cally not affected by them, thus switching firstly at lower
fields (see the scheme in Fig).1This means that highet,,
furnishes a wide distribution function for the coercive fleld, higher backswitching found for PZTF in Fig 9 may again be
which is centered in an effective valdeTherefore, accord- related in the model to a strong interaction between the fixed
ing to the model, the depinning process may be also visualipoles and the switchable dipoles. This interaction makes
ized as a change from an inhomogeneous to a homogeneoygficult the reorientation of the switchable dipoles that are
reorientation of the switchable domains, resulting in anear to the fixed ones, reducing the polarization values and
gradual reduction in the width of the distribution function for demanding more time to Compiete the po“ng process. On the
the coercive field. other hand, this interaction is also responsible for the ten-

It has been proposed that successive domain reorientatigiency of dipoles to return to their original orientation after
in ferroelectric ceramics can induce a fatigue process througihe removal of the field, inducing a high and long time back-
motion of either space charges or oxygen vacancies, whichwitching, as observed in Figs. 2 and 9.
are mainly trapped at domain boundari€s*** Conse- It was found that the coercive field for PZTN and PZTF
quently, the domain rotation is hindered reducing graduallyincreases when the frequency of the electric field is increased
the domain degree reorientation and increasing simultarigs. 6 and . This behavior has also been observed in
neously the coercive field, as verified in Figécgand &d).  single crystals’-*® bulk ceramic€®® and thin films®® In
These results reveal a strong similarity to those obtaineg@ddition, the results in Figs.(& and 5b) showed that an
from the effect of the ViSCOSity coefficient in the hystereSiSincrease in the Viscosity Coefficie('iy) or an increase in the
loops represented in Fig(ty. It is believed that the increase frequency of the electrical field have analogous effects.
in the concentration of defects in the domain walls due to thq’herefore, these data corroborate the hypothesis that the do-
fatigue process may be related to an increase the viscosity @hain reorientation occurs in a viscous medium being an in-
the mediun?* In other words, the increase in the fatigued herent feature of ferroelectric materials, which can be suc-

state corresponds, in our model, to an increase in the valuggssfully represented by the viscosity coefficient in the
of the variabley. It is shown in dislocation theory that an model.

increase in the concentration of pinning points corresponds
theoretically to an increase in the dragging force. Analogies
between ferroelectric domain wall movement and dislocation
models have already been pointed St In this work, a one-dimensional lattice phenomenological

The time dependence of the polarization process for thenodel, which includes the contribution of dipolar defects and
PZTN and PZTF obtained for an electric field of 3.0 kV/mm depolarizing fields, was proposed in order to describe the
is presented in Fig. 9, as recently reporiéchis polarization  polarization switching process in ferroelectric materials. A
behavior is typical for a poling process of piezoelectric ce-comparison between simulated and experimental results re-
ramics. It is verified that PZTN reaches the saturation polarvealed that dipolar defect$atent dipoles in the modetan
ization faster than PZTF. After the electrical field removal it be associated with the presence of impurities or dopant ele-
is also observed that PZTN presents a nearly instantaneousents commonly incorporated in ferroelectric materials for
and a small decrease of the polarization. The opposite behatechnological applications. Through an adequate analysis of
ior is noticed for the PZTF. These results are identical tothe variables of the model it was possible to describe the
those obtained theoretically with the model, taking into ac-evolution of the polarization switching with the number of
count the latent dipoles as shown in Fig. 2. Therefore, asycles, which is observed for fatigue or depinning processes
discussed for the hysteresis loop measurements, these expén-these materials. So, the authors believe that the proposed
mental results seem to corroborate with the proposed correnodel, when used to fit experimental data, can be helpful to
lation between the coefficiend,, (fixed dipoles and the di- describe fundamental properties of ferroelectrics, suck as co-
polar defects. The lower polarization values as well as thercive fields, saturation and remanent polarizations.

10'+

Removal of the field

Polarization (uC /cmz)

V. CONCLUSIONS
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