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The dynamics of polarization switching have been investigated over extremely broad time
(10 8<t<10? s) and field ranges for hard, soft, and relaxor ferroelectrics based on aliovalent
modified Pb(zy_,Ti,)O3. The results unambiguously demonstrate important differences in the
polarization switching mechanism for these various types of ferroelectrics20@ American
Institute of Physics.[DOI: 10.1063/1.1641962

I. INTRODUCTION particular in systems containing significant concentrations of
) o ) aliovalent substituents. Limiting the study of polarization
Defects and substituents are known to significantly '”ﬂu'switching and domain dynamics has been that current tran-

ence the electromechanical properties of ferroelectdcs. gjgn investigations have been performed over relatively nar-
Various classifications of piezoelectric behaviors have beep,, time (t) and electric fieldE) ranges®~2

. . i . . —even though
categorized in lead zirconate titandfZT). The basic two the current response is known to be logarithmic in

types of classifications are commonly called “soft” and ;,q16.21-23\ cleation and growtiN&G) models have pre-

« n 2 ; H H
hard.” © In general, higher valent substituents induce softjo 51y heen developed. However, analysis of the dynamics
piezoelectric behavior, where as lower valent ones inducg, he time domain of 108<t<10"6 s provides incomplete
hard. With increasing higher valent substituent Conce”trarnformation, upon which to develop a comprehensive mecha-
tion, a cross over between soft and relaxor ferroelectric bep;gic understanding. Previous N&G modgi€° have been
havior occurs. _ o _ based on nucleation sites confined to existing domain walls
Soft ferroelectrics have lower coercive fields, hlgher[i.e_’ two dimensiona2D)] with a subsequent restriction
hysteretic losses, higher dielectric and mechanical loss fag, 4 during growth, the domain walls remain coherére.

tors, and lower remanent polarizations and strains, relative t8ne—dimensionad However. it is doubtful that such a model

’2 1 1 1 i i . . . . ! . . .
hard one.sl. The extra contribution is designated as extrin-can expiain switching in a wider range of aliovalently modi-
sic, and is believed to be due to domain dynamics undefioq ferroelectrics.

weak ac fields. Hard ferroelectrics have an asymmetric po-

o e e Investigations of the polarization dynamics over broad
larization versus electric fieldR—E) response, which is

) s i /] > time and field regions would be greatly important to the
shifted by a built-in potentiai.The built-in potential is due 10 gy,4y of modified ferroelectrics. In this article, we report the

a pinning of the polarization by dipolar defects. Relaxor fer'polarization dynamics over such a broad time domix-
roelectrics have a frequency dispersive dielectric response Lfénding from 108<t<1C? s) for hard, soft, and relaxor fer-
the audio rangé:” the inability to sustain remanence for tem- oo jacirics based on PZT. The results unambiguously dem-
peratures above a freezing temperaflife which is notably  ,nsirate important differences in switching mechanisms

less than that of the dielectric maximunf,);® and by the between these general types of ferroelectrics.
presence of a local polarization unfie=T,,.”

Previous transmission electron microscdp¥M) stud-
ies of soft, hard, and relaxor ferroelectrics have shown drall- EXPERIMENTAL PROCEDURE
matic differences in domain stability? Studies of hard fer- Polycrystalline specimens of soft PZE{~ 11 kV/cm)

roelectrics  have shown fine “wavy” _domalﬁé. and hard PZT specimens were obtained from EDO Corp.
Comparisons with dielectric property data indicated that th?SaIt Lake City, UT. In addition, PLZT 10/65/35 relaxor
wavy domains result from pinning effects. Systematic Stwie%pecimens were prepared, as previously repdftétiThe
of soft ferroelectrics have shown the development of increasépecimens were cut into typical dimensions of 0.3 mm in
ingly irregular domain morphglogi$s with increasing higher icxness and 4 mfin area, and were electroded with gold.
valent substituent concentraﬂo’r-?sﬁ And, above a critical  \easurements were performed for various fields. In order to
concentration, polar nanodomaifBNR) form that have an  eaqure the response of the specimens over a broad time
average dlarrsleter between 30 and 56"A which is the  yomain from 108<t<10? s, three different measurements
relaxor St"?‘té" , _ _ circuits were developed and built, as recently repoffetb

~ Domain dynamics are generally believed to make sigyrenare for switching, both sides of the specimen were raised
nificant contributions to ferroelectric and piezoelectric Prop-ts the desired switching field. Then, at tirne 0, one side of
erties. However, understanding them has proven difficult, in,o specimen was taken to ground. By using these steps, we
can certify that high voltage reaches its full maximum, be-
dElectronic mail: dviehland@vt.edu fore the polarization starts to rise. It was found that switching
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http://dx.doi.org/10.1063/1.1641962

J. Appl. Phys., Vol. 95, No. 8, 15 April 2004 Jullian, Li, and Viehland 4317

. 102_(a}0c;mmerci‘aISoftll32T S 4 10 . T e |
€ — E S_oft PZT
S = F E=10 kV/em
(&) 1 o [ Relaxor PLZT
3 10+ = E=16 kV/cm
fod o 101 - z E
2 3 3 \ E
[V c [
G [
= 0 L
_g 10 r '-og L
S S . Hard PZT
= 10F E=22 kVicm 3
1 Q [
10 &
10% - (b) Re‘laxor PI'.ZT 10/I65/35 4 107" Lt it s iven vt i o s i s i
€ 10 10° 10° 10" 107  10° 10
(&] .
o Time (seconds)
3 10t 1
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g domain were found during polarization switching with in-
10" ¥ . , L creasingE. Figure 1a) demonstrates a broad polarization
transient in the time domain of 16<t<10 * s designated
1%} (0) Commercial Hard PZT | by the symbol(i) in the figure, fqllovyed by a delqy, and a
o subsequent second broad polarization transient in the long-
g time domain designated kjyi). These two stages in the time
&) ] domain response represent nucleation events and domain
‘2 100 e > growth events, respectively. Recent investigatfés$ poled
% Pb(MgyaNb,3) Os—x%PbTiO;  crystals  have  similarly
N 0 shown two broad transients, demonstrating that the broad-
% 107 ness in the time domain is not due to a variety of extrinsic
o pinning sites, such as grain boundaries and dislocations.
\ With increasingE, both transients in Fig. (& shifted to
10 ;

e 4 7 a0 2 shorter times, but only becoming sharp at high fieldEof
107 10 107 107 10 >E, and short times of<10 ° s.

The time dependence of the polarization for soft PZT did
FIG. 1. Logarithm of polarization as a function of logarithm of time for not fOIr!OW the Avaraml(AV) eq,“at"?”’ I'e"P(,t): P_O exp
various modified PZT ferroelectrics over broad time and field ranges: [ —(Y/7)"], where 7 is the relaxation time and is a dimen-
soft PZT[from bottom to topE=2, 6, 8, 9, 10, 12 16, and 23 kV/dmb) sionality constant. Rather, as shown in Figred line), it fit

relaxor PLZT 10/65/3%from bottom to topE=1.25, 1.75, 2.75, 4, 6, 8, 10, to a stretched exponenti&BE) function, where terms in
12, 16, 19, 21, 23, and 25 kV/dmand(c) hard PZT[from bottom to top,

E=5, 10, 13, 16, 18, 19, 22, 26, 29, and 31 kVjcrdata are shown for (t/7) in the AV equatlonnare r_eplaced by ones inthe, i.e.,
various fields in each figure. P(t) =Py exd —a(In(t/7))"]. This demonstrates that the N&G

events are extremely broadened in the time domain. Analysis
with the SE equation yielded a value mof 3 for nucleation,
times of <1078 s could be achieved. An Agilent oscillo- andn=2 for growth. Nucleation is a three-dimensional pro-
scope Operated in atime capture mode was used to measfieSs, and not confined to domain walls. Domain growth is a

Time (seconds)

the output voltage from each circuit. 2D process, where the walls are not restricted to remain co-
herent. These results show that the domains walls are ex-
Ill. RESULTS AND DISCUSSION tremely diffuse during switching in soft PZT, and is consis-

tent with prior TEM studies that have shown irregular
Figure 1 shows the logarithm of the polarization as adomain morphologies.
function of the logarithm of time fofFig. 1(a)] a soft PZT, The relaxor PLZT 10/65/35 can be seen to have a very
[Fig. 1(b)] a relaxor PLZT 10/65/35, ankFig. 1(c)] a hard  sharp response near5x10 8 s, as shown in Fig. (b).
PZT. These data were all taken at room temperature. Data afiehis sharp response did not shift in the time domain with
shown for over ten decades in time, taken at various appliethcreasingE, although the magnitude of the induced polar-
electric fields. The data can be seen to be quite different foization did increase. The polarization only slightly increased
the three types of ferroelectrics. with time for t>10"" s. No secondary transient was found
The response of soft PZT can clearly be seen to be exat longer times. It is relevant to note that at room tempera-
tremely broad in the time domain, extending over detgde ture, PLZT 10/65/35 has slim looB—E behavior and that
of orders in magnitude. Two evolutionary stages in the timeT>T; (see Fig. 3 The time dependence of the polarization
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FIG. 3. P—E response fofa) hard PZT withE= 15 kV/cm, (b) relaxor PLZT 10/65/35 wittE= 25 kV/cm, and(c) hard PZT withE= 25 kV/cm. Please
notice the anhysteretic nature @ and (b), whereagc) exhibits dramatically increased hysteresis with decreasing measurement frequency.

for relaxor PLZT was found to be well fit to the AV equation, development of a long-time polarization transient in the time
as shown in Fig. Zblue ling. Analysis yieldedh=3 and7  domain data with increasing. These results indicate that
=4.8x10 % s. No indication of a domain growth region nucleation events occur against a small anisotropy barrier. In
was found. These results demonstrate that polarization revethis regard, nucleation events may be similar to polarization
sal in the relaxors fof >T; occurs entirely by nucleation. rotation in poled PMN-PT crystals, with gradual structural
The results are consistent with prior TEM studies that havesvolution. However, in our case, rotation clearly must be an
shown pre-existing polar nuclei or PNR?under zero field. inhomogeneous process.

Hard PZT was found to have three evolutionary stages.
Figure Xc) shows a broad polarization transient in the timelV. CONCLUSIONS
domain of 108<t<10"% s designated a6) in the figure.
This transient was similar to that observed in soft PZT.
Analysis with the SE equation yielded a valuerof 3, as

In summary, the polarization response of hard, soft, and
relaxor ferroelectrics have been investigated over broad time
and field ranges. The results unambiguously demonstrate im-

shown in green in Fig. 2. Then, &10 s, a sharp in- . . o N .
. o . - portant differences in the polarization switching mechanism
crease irP was found, which is designated @s. The sharp- . .
between these family of materials.

ness of this peak is similar to that observed for the relaxor,
but 7=10° s, rather than 10° s. This portion of the time
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